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Forbedring af beslutningsgrundlaget for nukleart og radiologiskt beredskab ved
modellering af ekstern strålingseksponering
I ‘recovery’ fasen efter en hændelse, hvor radioaktive isotoper er sluppet ud i miljøet,
er værktøjer, som kan bruges til at forudsige den eksterne strålingseksponering baseret
på eksisterende viden, essentielle for at retfærdiggøre og optimere strategier for mod-
forholdsregler i forurenede beboede områder. For at demonstrere anvendelsen af Monte
Carlo koden MCNP6 til dette formål blev afskærmningsfaktorer for en bygning med
lette ydervægskontruktioner bestemt eksperimentelt, og sammenlignet med afskærmn-
ingsfaktorer baseret på teoretiske beregninger, som blev udført med Monte Carlo ko-
den MCNP6. I den forbindelse blev kilder, som indeholder de gamma-emitterende ra-
dionuklider 60Co og 137Cs, placeret i forskellige positioner rundtomkring og oven på
en modulær bygning for at repræsentere homogent nedfald. Den anvendte modulære
bygning var af præfabrikeret standardtype leveret fra en kommerciel fabrikant. Gam-
mastrålingsdetektorerne blev placeret i fire referencepositioner inde i bygningen. Resul-
taterne viser anvendeligheden af MCNP6 til teoretiske beregninger af scenarier med ra-
dioaktivt nedfald. Derefter blev ca. 30 år gamle beregnede kerma-konverteringsfaktorer
for et standardbeboelsesmiljø genberegnet med MCNP6, og sammenligningen med de
gamle værdier viste signifikante forskelle.
Da antallet af datasæt i de europæiske uheldshåndteringsbesluttningsstøttesystemer
repræsenterende forskellige typer beboelses miljøer er begrænset, blev disse udvidet med
beregniger for en ny, væsentlig form for beboelse. En model af et moderne kontor- eller
boligbyggeri med glasfacader blev udviklet og opstillet med elleve forskellige bygning-
shøjder. Kerma-konverteringsfaktorer for etagerne inde i bygningen i forhold til stråling
fra kontamination på forskellige overflader blev bestemt for de primære gamma-energier
0,3 MeV, 0,662 MeV og 3,0 MeV og for tre forskellige beboelsesmiljøscenarier ved
anvendelse af MCNP6. Kerma-konverteringsfaktorerne blev udtrykt som formler for
hver type overflade, hvor radioaktive stoffer kan deponeres. Betydningen af de derved
bestemte faktorer blev illustreret ved sammenligning med tidligere almindeligt anvendte
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faktorer for fleretagers husblokke.
I forbindelse med den videre anvendelse af kerma-konverteringsfaktorerne er kend-
skab til den miljømæssige opførsel af deponerede radioaktive materialer nødvendig for at
forudsige den eksterne strålingseksponering. Det er her nødvendigt at estimere den rel-
ative fordeling af de radioaktive stoffer på forskellige typer overflader i miljøet efter de-
ponering og de resulterende dosishastigheder for mennesker, som opholder sig i miljøet.
De seneste parametriske forbedringer til brug i de europæiske beslutningsstøttesystemer
for konsekvenshåndtering efter udslip er rapporteret. Disse viser en betydelig variation i
forhold til den fysisk-kemiske form af de deponerede materialer. Det blev illustreret for
et standardmiljø, at deponerede radioaktive stoffer på taget er af stor betydning for dosis
til mennesker inde i bygningen.
For også at muliggøre estimering af tidsintegrerede eksterne doser til personer, som
opholder sig i et miljø, som er blevet radioaktivt forurenet, behøver man yderligere viden
om migration af forskellige slags af deponerede stoffer på de forskellige relevante typer
miljøoverflader. Migrationsprocessen, som er modelleret dynamiskt i de europæiske
beslutningsstøttesystemer, er beskrevet og de nyeste parametriske datasæt for disse mod-
eller er præsenteret. Det forklares, hvordan modellerne kan bruges til at estimere doser,
som befolkningen i radioaktivt kontaminerede beboede områder modtager med tiden
fra deponerede radioaktive stoffer. Det blev vist for et standardmiljø, at udover kon-
taminering på hustaget, bidrager også kontaminering på jord/græsarealer betydeligt til
den tidsintegrerede dosis til mennesker inde i bygningen.
Med fokus på bygningers skærmende effekt mod stråling fra forskellige retninger,
udførtes en serie Monte Carlo beregninger, som giver detaljeret information om dosis-
bidragene forskellige steder i en bygning fra kontaminede udendørs områder. Konceptet
isodosis blev udviklet for at optimere dekontamineringsaktiviteter, og blev anvendt i
form af isodosislinjer, som definerer den ydre grænse af de mindste områder, hvor dekon-
taminering af områder omkring bygningen resulterer i en given dosisreduktion. Formen
og positionen af isodosislinierne afhænger af bygningens geometri, vægtykkelsen og
materialet og observationspunktet inde i bygningen. Beregninger gennemførtes med en
kilde-overfladeopløsning på 1 m2 for fire observationspunkter i en modulær bygning
under antagelse af en deponering af henholdsvis 137Cs og 60Co på jordoverfladen. Ge-
ometriafskærmning blev identificeret som den væsentligste indflydelse på størrelsen af
arealer omfattet af isodosislinierne, og barriereafskærmning som den væsentligste ind-
flydelse på formen af isodosislinierne.
Yderligere blev isodosiskonceptet anvendt på typiske svenske boliger. Indflydelsen
af træ og mursten som almindelige byggematerialer og betydningen af dør- og vindues-
positioner for isodosislinierne blev demonstreret for specifikke positioner inde i husene
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og for de hele huse, under antagelse af at beboerne har en typisk opholdsadfærd. Dekon-
taminering af arealer inden for isodosislinier er påvist at give en øget dosisreduktion-
seffekt sammenlignet med dekontaminering af et tilsvarende jordareal til en vis afstand
omkring huset. Yderligere blev indflydelsen af den vertikale migration af deponerede
materialer i jorden på isodosislinierne undersøgt, hvilket viser, hvordan de zoner, som
er omfattet af isodosislinierne, bliver mindre over tid, efterhånden som de deponerede
stoffer migrerer dybere ned i jorden. De resulterende isodosislinier og graden af deres
transformation er domineret af nedtrængningen af kontamineringen i toplaget af jorden.
Indflydelsen af naturlige variationer i kontamineringsgraden på isodosislinierne blev
demonstreret med sin afhængighed af byggematerialer. Isodosiskonceptet ser således
ud til at kunne blive et nyttigt instrument i forbindelse med optimering af modforhold-
sregler i radioaktivt kontaminerede beboede områder.
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Abstract
Improving the decision base for nuclear and radiological emergency management
by modeling external radiation exposure
In the recovery phase after a radioactive release incident, tools predicting the exter-
nal radiation exposure based on existing knowledge are essential for justification and
optimization of recovery countermeasure strategies for contaminated inhabited areas.
To justify the application of the Monte Carlo code MCNP6 for this purpose, experimen-
tally determined shielding factors for a common light construction dwelling type were
obtained and compared to shielding factors based on theoretical calculations performed
using the Monte Carlo code MCNP6. Therefore, sources of the gamma-emitting ra-
dionuclides 60Co and 137Cs were positioned around and on top of a modular building to
represent homogeneous fallout. The modular building used was a standard prefabricated
structure obtained from a commercial manufacturer. Four reference positions for the
gamma radiation detectors were used inside the building. The results demonstrate the
applicability of using MCNP6 for theoretical calculations of radioactive fallout scenar-
ios. Subsequently, about 30 years old kerma conversion factors for one standard envi-
ronment were re-calculated with MCNP6, showing significant differences compared to
the old values.
As the number of data sets for different inhabited environments is limited, the estima-
tion of external gamma irradiation from deposited radioactivity in urban environments
was improved by developing a model of a modern office or residential building with
glass facades which was set up with eleven different building heights. Kerma conver-
sion factors for the floors inside the building from contamination on different types of
surfaces were determined by using MCNP6 for the primary gamma energies 0.3 MeV,
0.662 MeV and 3.0 MeV and for three different environmental scenarios. The kerma
conversion factors were expressed as formulas for each possible deposition area for con-
taminants. The importance of the determined factors was shown by comparing them to
previously generally used factors for multistory house blocks.
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In connection with the the kerma conversion factors knowledge on the environmen-
tal behavior of radiocontaminants is needed for predicting external radiation exposure.
Therefore, one necessary requirement is to estimate the relative initial contaminant dis-
tribution on different types of surfaces in the environment and the resultant initial dose
rates to humans staying in the environment. The latest parametric refinements for the use
in the European emergency management decision support systems are reported, showing
a considerable variation according to the physicochemical form of the contaminants. It
was shown for a standard environment that contaminants deposited on the roof are of
major concern in contributing dose to humans inside the building.
To also enable estimation of time-integrated external doses to persons staying in an
environment that was radioactively contaminated, additional knowledge on the postde-
position migration of different types of contaminants on the various relevant types of
environmental surface is needed. The migration process as it is modeled dynamically in
the European decision support systems was described and the newest parametric datasets
for these models reported. It is explained how the models can be used to estimate doses
received over time by populations in radioactively contaminated inhabited areas in con-
nection with the initial contaminant distribution. It was shown for a standard environ-
ment that additionally to the roof also contaminants deposited on a unpaved ground are
of major concern in contributing dose to humans inside the building.
Focusing on the shielding effect of a building against radiation from various direc-
tions, further Monte Carlo simulations were applied that also give information on the
dose contributions at various locations inside the building from specific areas outside.
The concept of the isodose was developed to optimize decontamination activities, and
was applied as isodose lines to define the smallest areas that lead to a certain dose reduc-
tion through decontamination of areas surrounding the building. The shape and position
of the isodose lines depend on the geometry of the building, the wall thickness and ma-
terial, and the observation point inside the building. Calculations have been made with
a surface resolution of 1 m2 for four observation points in a modular building, assuming
depositions of 137Cs and 60Co on the ground surface. Geometry shielding was identified
as main impact on the size of areas encompassed by the isodose lines and barrier shield-
ing as main impact on the shape of the isodose lines.
Moreover, the isodose concept was applied to typical Swedish residential houses.
The influence of wood and brick as common building materials and the importance of
the positions of doors and windows on the isodose lines were demonstrated for specific
positions inside the houses as well as for the entire houses assuming people having a typ-
ical residential behavior. Decontamination of areas within isodose lines is demonstrated
to provide an increased dose reducing effect compared to decontaminating an equal area
of soil to a certain distance around the house. Furthermore, the impact of vertical con-
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taminant migration in soil on the isodose lines was studied, showing how the zones that
are encompassed by the isodose lines are getting smaller over time as the contaminants
migrate deeper into soil. The resulting isodose lines and the degree of their transforma-
tion are dominated by the downward movement of the contamination in the topsoil layer.
The impact of contamination variability on the final result was demonstrated with its de-
pendence on building materials. Thus, the isodose concept shows promise for becoming




The work for this thesis was mainly carried out at the section for Radioecology of the
Hevesy Laboratory at the Center for Nuclear Technologies at the Technical University of
Denmark from 2015 to 2018. The respective PhD school was the Department of Physics
of the Technical University of Denmark. Furthermore, parts of the work were carried
out within a four month external in 2017 in the group for Medical Radiation Physics at





When I look back on the past three years, I am very grateful for all the experiences and
persons that have allowed me to grow scientifically and personally. The following lines
can only express a small share of my appreciation for all the things you have done and
are for me.
First of all I want to thank my supervisor Kasper for all your work that you put in
the success of my PhD studies. I have gained a lot from your experience and knowledge
and I am thankful for all the care I received from you not just scientifically but also in
many other ways. You definitely have done more for me than you have had to and as
Eckart Witzigmann said: ‘The student can only be as good as the teacher’ - I have had
the best teacher I can imagine.
Beyond an amazing main supervisor, I had Per as a brilliant co-supervisor. Thank
you for always jumping in when Kasper has not been available, but also for raising my
awareness about many things I have not thought about so far and taking care about that
everything stayed on track. Moreover, I want to thank my supervisors Christopher and
Robert during my external stay at Lund University for making it as convenient as possi-
ble, but also for all your valuable ideas and input to my work as well as allowing me to
take part in really interesting projects and giving me a future perspective.
Furthermore, I like to thank my other colleagues at the Radioecology section, be-
ginning with Jixin for keeping our bunch of different people with different backgrounds
together and emphasizing on a friendly working atmosphere, followed by Helle, and
Birgitte for magically solving all the problems that are beyond my capabilities, Claus
for making sure that my bike has always been in perfect condition and showing me the
beauty of Roskilde Fjord, Liga, Kristina, Lise, and Hanne for helping me improve my
Danish, as well as my German sidekick Gunnar, Nikola, the one who went before me,
Liuchao and Mu who came after me, Szabolcs, Cobus, Yusuf, Sven, Xiaolin, and our
guests Dongxia and Xue.
VIII
Moreover, I like to thank my family at the First International Baptist Church of
Copenhagen including Jessica for sharing the ‘Thesis-summer’ with me, all your pre-
cious thoughts and sense of humor, Anne for your unique mixture of playfulness and
deep thoughts, Chris and Ira for your hospitality including physical and spiritual food,
Jeroen for just being who you are, Shin-Young for your warm-hearted being, Ana for
being one of the most giving persons I have ever met, Irashka for being so welcoming
and connecting, Hartzel for being one of the cutest persons I have ever met as well as
Dongah, Ida, Kelly, Dorotea, Emma, Keethe, Lenti, Nefeli, Adina, Lu, Ann, Fon, Guin,
Évelyne... for all the enjoyable get togethers and a lot more.
Further I like to thank my friends that I have met while trying to keep the balance
to all the brain work through dancing at Sceneindgangen. These are in particular Jenny
for being an even better friend than teacher and for having become more to me than I
imagined, my Shervonnija-sisters with Cija for sharing the Indian Groove and a lot more
with me, and Sherwin for making me feel like being part of your family, Erato for al-
lowing me to let the serious part of my life behind me every once in a while, Anastasia
for making me feel a little less crazy in what I do, Lene for giving me lots of reasons
to laugh, Andreea for really always being willing to chat with me as well as Celina,
Hanna, Annette, Evi, Nadia, Andrea, Staša, Tuuli, Mette, Maria, Alix, Laisa, Susanne,
Tine, Thomas, Deborah, Sarah, Amanda, Stephanie... for uncountable smiles and good
conversations.
Before ending I want to express my gratefulness to my parents for providing me
with everything that I needed to find my own way in life, my favorite brother Michael
for being my constant companion in better and worse times, Birte and Harald for giving
me a second home, Marcel for being a real gentleman, Dominik for your sense of hu-
mor, my family at Friedenskirche Lübeck for providing me a save place to grow from,
Myriam for being the best friend in the worst times of my life, Tracey for our everlasting
connection, Gaby for being some sort of foster mother to me, and Elly and Theresia for
friendship beyond physical and temporal distances.




This thesis is based on the work contained in the following Papers:
I. Hinrichsen, Y., Finck, R., Östlund, K., Rääf, C., Andersson, K. G., Comparison of
experimental and calculated shielding factors for modular buildings in a radioac-
tive fallout scenario. Journal of Environmental Radioactivity 189 (2018) 146-155.
II. Hinrichsen, Y., Finck, R., Rääf, C., Andersson, K. G., Introducing the concept of
the isodose for optimization of decontamination activities in a radioactive fallout
scenario. Journal of Radiological Protection 38 (2018) 1293-1310.
III. Hinrichsen, Y., Andersson, K. G., Kerma conversion factors for modern urban
glass buildings in radioactively contaminated areas. Accepted for publication by
Journal of Radiological Protection.
IV. Hinrichsen, Y., Andersson, K. G., European decision support modelling of long-
term external doses received in inhabited areas contaminated by a nuclear power
plant accident - 1: initial relative dose rate contributions from different contami-
nated outdoor surfaces. Submitted to Journal of Environmental Radioactivity.
V. Hinrichsen, Y., Andersson, K. G., European decision support modelling of long-
term external doses received in inhabited areas contaminated by a nuclear power
plant accident - 2: post deposition contaminant mobility on outdoor surfaces. Sub-
mitted to Journal of Environmental Radioactivity.
VI. Hinrichsen, Y., Finck, R., Martinsson, J., Rääf, C., Andersson, K. G., Influence
of the migration of radioactive contaminants in soil, resident occupancy, and vari-
ability in contamination on isodose lines for typical Swedish houses. Submitted
to Scientific Reports.
In particular Section 2.1 is based on Paper I, Section 2.2 on parts of Paper IV, Chap-
ter 3 on Paper III, Section 4.1 on the other parts of Paper IV, Section 4.2 on Paper V,





1.1 Airborne radioactive contamination . . . . . . . . . . . . . . . . . . . 3
1.2 Shielding factors . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
1.3 Monte Carlo code MCNP6 . . . . . . . . . . . . . . . . . . . . . . . . 5
2 Proving the method 9
2.1 Comparing MCNP6 with experimental results for a modular building . . 9
2.1.1 Description of the experiment and of the corresponding calcula-
tions . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 9
2.1.2 Results of the comparison . . . . . . . . . . . . . . . . . . . . 16
2.2 Comparing previous results with MCNP6 . . . . . . . . . . . . . . . . 25
3 Application to modern types of buildings 31
3.1 Kerma conversion factors for modern glass buildings . . . . . . . . . . 31
3.1.1 Description of the model . . . . . . . . . . . . . . . . . . . . . 31
3.1.2 Resulting formulas for glass buildings of different heights . . . 33
3.2 Comparison with previous values for a multistory house block . . . . . 41
4 Physicochemical properties of contaminants 47
4.1 Relative deposition of contaminants . . . . . . . . . . . . . . . . . . . 47
4.1.1 Distribution of contaminants for dry deposition . . . . . . . . . 51
4.1.2 Distribution of contaminants for wet deposition . . . . . . . . . 54
4.1.3 Distribution of contaminants for equal amounts of wet and dry
deposition . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
4.1.4 Application on a semidetached house . . . . . . . . . . . . . . 58
4.2 Post-deposition contaminant mobility on outdoor surfaces . . . . . . . . 60
4.2.1 Contaminant mobility from paved areas . . . . . . . . . . . . . 64
4.2.2 Contaminant mobility from roofs . . . . . . . . . . . . . . . . 66
4.2.3 Contaminant mobility from outer walls . . . . . . . . . . . . . 68
4.2.4 Contaminant mobility from grass and small plants . . . . . . . 68
XIII
4.2.5 Contaminant mobility from trees and shrubs . . . . . . . . . . . 69
4.2.6 Contaminant mobility in soils . . . . . . . . . . . . . . . . . . 71
4.2.7 Application on a semidetached house . . . . . . . . . . . . . . 74
5 Optimization of decontamination activities 79
5.1 Introducing the concept of the isodose . . . . . . . . . . . . . . . . . . 79
5.1.1 Shielding factors around and on top of a modular building . . . 79
5.1.2 Describing the concept of the isodose . . . . . . . . . . . . . . 80
5.1.3 Applying the concept of the isodose . . . . . . . . . . . . . . . 84
5.1.4 Isodose lines for different shielding factors . . . . . . . . . . . 89
5.2 Influence of various factors on isodose lines . . . . . . . . . . . . . . . 90
5.2.1 Description of the Swedish standard house models . . . . . . . 91
5.2.2 Isodose lines around Swedish standard houses . . . . . . . . . . 92
5.2.3 Isodose lines according to residential behavior . . . . . . . . . 93
5.2.4 Impact of vertical migration of contaminants in the soil on the
isodose lines . . . . . . . . . . . . . . . . . . . . . . . . . . . 95
5.2.5 Impact of contamination variability on the isodose lines . . . . 105






AMAD Activity Median Aerodynamic Diameter
ARGOS Accident Reporting and Guiding Operational System
DSS Decision Support System
ERMIN EuRopean Model for INhabited areas
GM Geometric Mean
GSD Geometric Standard Deviation
GSF Gesellschaft für Strahlen- und Umweltforschung (now Helmholtz Zentrum
München, German Research Center for for Environmental Health)
IAEA International Atomic Energy Agency
ICRP International Commission on Radiological Protection
MCNP Monte Carlo N-Particle code
NPP Nuclear Power Plant
OCD Office of Civil Defence
RASTEP RApid Source TErm Prediction
RODOS Realtime Online DecisiOn Support
SD arithmetic Standard Deviation





Prior to 1986, it was in general thought that any significant airborne environmental con-
tamination resulting from nuclear power plant accidents would be restricted to rural areas
very near the power plant. However, the Chernobyl accident demonstrated that inhabited
environments and even cities at considerable distances from the release point could be-
come strongly affected. On the basis of the measurements and learning points after the
Chernobyl accident, relatively simple calculation models were soon created to enable
rough estimation of the external doses to urban and suburban populations (e.g., Crick
& Brown 1990, Andersson 1990). When the much more comprehensive map based de-
cision support systems ARGOS (Hoe et al. 2009) and RODOS (Ehrhardt et al. 1996)
were developed, which are today integrated in the preparedness in practically all Euro-
pean countries as well as in, e.g., Canada, Brazil and Australia, essentially these models
were first integrated. Furthermore, it was recently published (Howard et al. 2017) that
the long term ingestion and external dose contributions received by inhabitants of areas
contaminated by the Chernobyl accident was estimated to be about equal in magnitude,
whereas the long term external dose contribution to the public in areas contaminated
by the Fukushima accident has been estimated to be of the order of 80-90 %, and the
corresponding ingestion dose only 10-20 %. In preparedness for possible future nuclear
power plant accidents, it is thus highly important to be able to implement effective re-
covery strategies for contaminated inhabited areas.
The common model for external dose estimation in inhabited areas in the ARGOS
and RODOS systems is the ERMIN model which was co-developed and coded at Pub-
lic Health England (Charnock 2018, Andersson et al. 2009, Charnock et al. 2009). The
model comprises the estimation of deposition of contaminants as it may be useful for
several purposes in nuclear emergency management decision support, including rough
early phase external dose prognoses when local measurements of deposits on different
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Chapter 1. Introduction
representative surfaces have not yet been made, drills and competence building training
sessions to assess possible consequences of different contamination scenarios and pos-
sibly to dimension an operational preparedness accordingly. It further includes a system
of formulae reflecting the post deposition mobility of radiocontaminants on the differ-
ent types of outdoor surface (Andersson 2009a, Andersson et al. 2002, Jones et al. 2007).
Another part of external dose estimation takes into account the shielding of gamma
radiation by buildings as it can reduce the radiation exposure of the population and shel-
tering of inhabitants is one of the principal countermeasures considered for areas poten-
tially affected by radioactive release. Thus, detailed knowledge of the shielding proper-
ties of buildings is therefore an important component of risk assessment in radiological
emergency preparedness. As the geometry of building structures is too complex for
simple methods such as the point kernel model (Spencer et al. 1980), Monte Carlo cal-
culations are needed to calculate shielding factors as shown in a comparison performed
by Jensen & Thykier-Nielsen (1989). The shielding properties can vary greatly for dif-
ferent types of buildings (e.g., Finck 1991) leading to the use of Monte Carlo simulations
in the late 1980s at the GSF (now the Helmholtz Zentrum München – German Research
Center for Environmental Health) (Jacob & Meckbach 1987, Meckbach & Jacob 1988,
Meckbach et al. 1987, 1988). An early Monte Carlo code SAM-CE (Lichtenstein et al.
1979) was applied to calculations for four different types of houses. Inhabited area ex-
ternal dose estimates in the European standard decision support systems ARGOS and
RODOS rely entirely on these few old datasets. Further Monte Carlo simulations were
performed for an industrial area (Kis et al. 2003, 2004), for various scenarios of U.S.
residential structures (Dickson & Hamby 2014, 2016, Dickson et al. 2017), for typical
houses in Brazil (Salinas et al. 2006), and typical buildings in Japan (Furuta & Takahashi
2015).
The first step of this thesis is thus to prove the applicability of the Monte Carlo
code MCNP6 (Goorley et al. 2012) for theoretical calculations of radioactive fallout
scenarios. On this basis this thesis aims to improve nuclear and radiological emergency
preparedness by adding new datasets for modern types of buildings to inhabited area
external dose estimation as well as connecting them with data of initial relative contam-
ination levels and post deposition mobility for different surfaces and radiocontaminants
of different physicochemical properties. As the final part of this thesis a new approach
for optimizing of decontamination activities will be introduced including an analysis of
possibly influential parameters.
The following sections of this introduction will introduce to airborne radioactive
contamination in general (Section 1.1), deal with the terminology regarding the shielding
of buildings (Section 1.2), and describe the basic principle of Monte Carlo calculations
with focus on the Monte Carlo code MCNP6 as it was employed in the work for this
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1.1. Airborne radioactive contamination
thesis (Section 1.3).
1.1 Airborne radioactive contamination
The deposition of the contaminants is greatly dependent on their physicochemical prop-
erties and the types and orientations of the surfaces in the inhabited area to which the
deposition occurs (Andersson 2009a). Thus, it should be considered which physico-
chemical forms the various likely contaminants from a major NPP (nuclear power plant)
accident could be expected to have. A ‘consensus’ list of contaminants considered po-
tentially important by Slovakia, France, Germany, Finland, Czech Republic and USA
for evaluation of radiological consequences in case of severe NPP accidents comprises
(apart from noble gases) radionuclides of the following elements: Am, Ba, Ce, Cs, Cm, I,
La, Mo, Nb, Np, Pu, Rb, Ru, Sb, Sr, Te and Zr (Andersson 2016). The physicochemical
forms of these in future accidental releases will depend on a complex of processes and
conditions during the release, and are difficult to predict. However, the experience from
history’s two large nuclear power plant accidents, the Fukushima and the Chernobyl ac-
cident, provide very useful information on what might be expected in some different
types of scenarios, and for instance which sizes, materials and thus aerodynamic behav-
ior the produced aerosols might be expected to have under different conditions.
In addition to the deposition, there are also a range of publications that describe post-
deposition transfer and natural removal of radiocontaminants that deposited in inhabited
areas. Many of these are based again on studies of contamination from the Chernobyl
accident. Unfortunately, measurements have not been made of the post-deposition mi-
gration of radioactive matter from the Fukushima accident on each of the various types of
man-made surfaces representative of inhabited areas. Instead, the focus of the Japanese
authorities has been on rapid carborne surveillance of dose rate in affected areas using
KURAMA II detection systems (Kinase et al. 2015), which measure an uncollimated
dose rate in a position close to the road surface. This provided valuable rough indica-
tions of the contamination pattern over large land areas. In relation to the actual average
exposure of the local population, however, this measurement geometry would give an
overrepresentation of the radiation from the nearby contaminated street surface. And
since the natural decline in radioactivity on street surfaces has previously been found
to be comparatively very rapid (Andersson 2009a), such repeated measurements would
lead to overestimation of the rate at which the average dose rate declines in the area
through natural processes. Qualitatively, however, these Japanese measurements illus-
trate that the decline in dose rate is as expected faster in urban areas, comprising surfaces
with rapid natural weathering processes, than in rural areas, where the decline in dose
rate level is largely dependent on the slow downward contaminant migration in soil (Ki-




Buildings naturally provide some shielding against radiation from the ground and from
miscellaneous contamination of all outdoor surfaces (including soil, roofs, walls, win-
dows and pavements), vegetation, and in the air (primary contaminant plume or resus-
pended radioactive matter). The degree of protection depends on the building material,
its thickness and density and on the geometry of the building. Furthermore, it depends
on the distribution of the source of radiation around the building, on the building and if
any part of the source is also present inside the building. The protection can be described
as a dose reduction effect. Several different, and sometimes confusing, terms have been
used to describe the shielding effect of a building. The terms used in this thesis follow
the terminology originally defined by Spencer (1962) and described in the OCD manual
(OCD 1962) with some additions.
To quantitatively measure the effectiveness of shielding afforded by structures, by
one structure relative to another, or one location in a structure relative to another, a stan-
dard ‘unprotected’ position is needed for comparison. Spencer (1962) assumed in the
absence of specific information for a present radioactive fallout situation that the fallout
is uniformly distributed horizontally over the exposed surfaces. Therefore, the standard
D0 or reference value was defined by the detector response at a point 1 m (originally 3
feet) above an infinite, smooth, uniformly contaminated plane.





where D is the detector response in a protected position (e.g. inside a building),
which is divided by the reference value D0. Furthermore, the inverse of the reduction
factor was termed ‘protection factor’ P, but is not employed in this thesis.
The reduction factor comprises two types of attenuation factors. The first factor is
called the geometry shielding factor Sgeom and can be seen as the exposure reduction
effect of a building with its materials being replaced by air. The reduction here is caused
by the assumption that the ground area and floors inside the building are clean from
radioactive contamination or can be also caused by moving the detector further away
from the contaminated area, e.g. by moving it to a higher floor. The geometry shielding
factor Sgeom is thus defined by the detector response at a certain position inside a building






1.3. Monte Carlo code MCNP6
The second factor is called barrier shielding factor Sbarr and describes the reduction
caused by the interaction of the radiation with the materials that the building is made
of. The barrier shielding factor Sbarr is thus defined by the detector response at a certain
position inside a building D (protected position) divided by the the detector response at
the same position inside the building with its materials being replaced by air Dgeom as





Multiplying the geometry shielding factor with the barrier shielding factor leads to
a total shielding factor of a building Sbld at a specific position inside it that equals the
reduction factor R defined in Equation (1.1):







1.3 Monte Carlo code MCNP6
The basis of the principle of the Monte Carlo method for particle transport is that a
large number of particles are generated by a random source. Its principle is presented in
Figure 1.1 an can be seen as a numerical experiment. The code follows each particle (ex-
clusively photons for the calculations described in this thesis) from its source throughout
its life interacting with media to its death in a terminal category like e.g. absorption or
escape including possible secondary particles. The basic principle of the Monte Carlo
method is the random selection of physical parameters according to given distributions
for media m, energies E and directions Ω at a certain position r of each particle based
on cross section data and physical models. The result is obtained by averaging over the
scores of all particles with their paths and interaction histories that were calculated for
the respective source and thus accompanied by a statistical uncertainty.
The Monte Carlo calculations for this thesis were performed with the transport code
MCNP6 (Goorley et al. 2012), using the nuclear cross-section data set ENDF/B-VII.0
(Chadwick et al. 2006). Among other processes, it accounts for photon creation and loss
through relevant mechanisms such as bremsstrahlung, fluorescence, Compton scattering,
photon capture, pair production and p-annihilation. The code allows for the definition
of complex 3-dimensional geometries through a combinatorial geometry technique. The
regions in space were constructed by a logical combination (union, intersection, differ-
ence) of elementary geometric bodies and surfaces. Material specifications with definite
atomic compositions and densities have to be assigned to the input for the different build-
ing structures and environmental regions.
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Figure 1.1: Flow chart of the calculation scheme of the Monte Carlo method used for
the tracking of particles (Antoni & Bourgois 2017).
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The geometry and the energy of sources were defined according to applied problem
and are described in the respective chapters. This is also the case for position and size
of the detector regions (called tally in MCNP). In the detector regions, the number and
energies of the gamma ‘particles’ passing through are scored. By using conversion coef-
ficients (ICRP 2010), the fluence was transferred to air kerma free-in-air. Furthermore,
the code provides ten statistical tests that are performed on each defined detector region.
Those tests are a valuable tool to ascertain reliable statistical quality of the respective
results.
Furthermore, several techniques can be applied to reduce the variation in the results
with acceptable computation times in MCNP6. The defined regions in space are called
cells, and for some of the models weight windows were generated for each cell. The
number of a particle’s weight in MCNP6 represents the number of physical particles,
which in the calculations this thesis were photons, where different random walks are
represented by one MCNP particle. A lower bound on the weight of particles in each
cell is defined by the user, and the upper weight bound is a specified multiple of the lower
bound. These weight bounds define a window of acceptable weights. If the weight of
a particle emitted from the source and generated by interactions with the materials is
below the lower weight bound, then the weight of the particle is randomly increased to
a value within the window, or it is not included in the calculations. If the weight of a
particle is above the upper limit, it is split so that its parts are within the window. No
action is taken for particles with weights within the window. The weight windows were
determined using the Weight Window Generator, which estimates the importance of the
cells in space. The importance of cells is defined as the expected score generated by a
unit weight particle after entering the cell. The average importance of each cell can be






2.1 Comparing MCNP6 with experimental results for a
modular building
2.1.1 Description of the experiment and of the corresponding calcu-
lations
This thesis focuses on the modeling of external radiation exposure in emergency situa-
tions and one main part of it is the determination of the dose at various locations caused
by radioactive sources of different kinds. For this purpose the Monte Carlo code MCNP6
(Goorley et al. 2012) that was described in Section 1.3 was employed. To study the ap-
plicability of the code in determining exposure reduction for buildings, a comparison of
numerical simulation results from a theoretical calculation with practical measurements
in a modular building geometry was performed by using point sources of 137Cs and
60Co distributed over an area of about 800 m2 around the building to mimic a surface
deposition. The comparison study was performed for a lightweight prefabricated mod-
ular building which was selected because this type of construction is not uncommon in
Scandinavia as solutions for kindergartens, office-complexes and habitation in areas with
rapid population growth. Another aspect of this type of building is the poor shielding
provided by the light walls, and it is therefore of special concern in emergency prepared-
ness. 137Cs was chosen as it has been of main concern in connection with the Chernobyl
and Fukushima incidents (Imanaka et al. 2015) and it furthermore is also represented
among those important high-activity sealed sources that could become dispersed in an
accident or as a consequence of a terrorist attack (Andersson et al. 2008). However, this
study also considered 60Co as a representative of higher-energetic sources, as it also is
directly relevant to plausible terrorism scenarios (Ferguson et al. 2003).
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The focus was on the barrier shielding factors considering contamination on out-
door horizontal surfaces (ground and roof). In fallout scenarios where the deposition
mainly has arisen from rainout or washout of fission products from the passing plume,
radionuclides on the ground and on the roof of buildings can be expected to contribute
significantly to the total dose (Andersson 2009b), although buildings naturally also pro-
tect against radiation from contamination, e.g., on all vertical surfaces, on other indoor
surfaces, on vegetation and in the air (primary contaminant plume or resuspended ra-
dioactive matter).
To experimentally determine the barrier shielding factors as described in Equation
(1.3) by measuring dose rates with a dose rate instrument, it is necessary to separate
the natural background component as defined by IAEA (IAEA 2007) from the signal
originating from a specific radiation source. This is done in two steps. First, the natural
background is measured both inside the building and outside using one location as a






where D˙ and D˙geom are the total measured absorbed dose rates inside the building
and outside at the location chosen as reference with the radiation sources present. D˙bgd
and D˙bgd,geom are the dose rate contributions from the natural background in the building
and outside at the location chosen as reference as measured in the absence of the source.
The applied modular building consisted of two standard office modules with outer
measurements 900 x 330 x 300 cm (L x W x H) rented by the company Bilsby R© , that
were fitted together side by side (Figure 2.1). The modules were placed in an open field
(>100 m clear in all directions) and raised with wooden beams from the uneven ground
to make them level. Each module had one window on each short side and one door on
each long side. The outer dimensions of the windows were 140 x 120 cm (W x H) and
of the doors 90 x 200 cm (W x H), so the fraction of windows was about 7% of the wall
surface of the entire modular building and that of the doors was about 4%. The outer
wall thickness was 12.5 cm and it consisted mainly of wood and mineral wool. The
combination thus had four windows, two doors, and one opening between the modules.
The inner wall thickness was 25 cm. Inside one of the modules an “inner room” of
lightweight expanded clay aggregate (LECA) was set up (Figure 2.2) to investigate the
impact of heavier material for constructing buildings. This room had a wall thickness of
15 cm, height of 152 cm, and outer dimensions of 103 x 88 cm due to the sizes of the
used bricks.
Dose rate instruments (Automess Dose Rate Meter 6150 AD 6/H with a plastic scin-
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Figure 2.1: Setup of the modular building
tillator probe 6150 AD-b/H) were used to experimentally determinate the dose rates.
They were calibrated to the ambient dose rate, H*(10), according to the ICRP defini-
tion (ICRP 2010). This is the absorbed dose rate at a point 10 mm below the surface in
the 300 mm diameter ICRU sphere (consisting of tissue-equivalent matter) subjected to
a parallel and aligned radiation field. One detector was calibrated by the Swedish Ra-
diation Safety Authority (SSM) for calibration factors regarding the ambient dose rate
equivalent, H*(10), and the angular efficiency (30o, 60o, and 90o) for 241Am, 137Cs, and
60Co. The calibration factors for the other detectors were determined by placing a source
at 1 m distance from the center of a scintillator crystal at 0oin a low background level
room, with the calibrated detector as a reference instrument for 60Co and 137Cs. The
deviations were within a range of 10%. It is assumed that the ratio of ambient dose, with
and without shielding, at a given observation point, is the same as the corresponding
ratio of the absorbed dose at that point. In the same low-background-level room, sources
were also placed at 30o, 60o, and 90oto assess the angular efficiency. The results of
those measurements were within a range of 6%. Four detectors were positioned inside
the modules (Figure 2.2) and one detector outside, about 14 m away from the modules.
All detectors were placed 1 m above the floor surface in the modules. The bottom level
of the modules was 26 cm beneath the floor surface and was used as ground surface, as
the ground was uneven and thus the modules had to be put on beams.
137Cs and 60Co point sources as well as one point source with physical diameter <10
mm of 60Co were used in the experiments. The respective details including uncertainties
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Figure 2.2: Detector positions inside the modular building. The top and bottom wall
have two windows each. The left and right wall have one door each, and there is a
doorway connecting both modules where the modules are fitted together. The U-shape
in the top-left corner represents the clay brick structure (LECA).
are presented in Table 2.1.
The measurement scheme used in the study followed a grid system that was 29 m x
26.5 m, as represented in Figure 2.3 for the source positions. The red grid in Figure 2.3
represents a distance between the source points of 4 m and the blue grid represents a sub-
division of the red grid to a distance between the source points of 2 m. Every crossing
between the red, blue, and red-blue lines in the figure represents a source point. Thus,
the frequency of source points is higher along the short side of the module configuration
in order to reduce systematic uncertainties for measurements of radiation penetrating the
windows. The 4 m density of source points is also too coarse for measuring the barrier
shielding factor on the roof; hence, it was decreased to a 2 m frequency as seen by the
12
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Table 2.1: Sources used for the measurement of barrier shielding factors. The uncertain-
ties represent a coverage factor of k=2.









crossings of the red, blue, and red-blue lines in Figure 2.3. The height of the positioned
sources was chosen to be on a plane that would have been level with the ground if the
modules were placed on a level ground surface.
To calculate the barrier shielding factor, the background values for all detectors and
their respective positions were recorded daily prior to the measurements with the sources
present. These values were eventually subtracted from the instrument reading of the
source points. The ambient dose rate was also corrected with the calibration factors and
the angular efficiencies via a calculation of the incident angle from each source point.
The H∗(10) rates measured with the detector outside the modules were also cor-
rected using the same method mentioned above (subtraction of measured background
values and correction with calibration factors and angular efficiencies). Ambient dose
rates for different source points were compiled and the data set was used to fit a mathe-
matical expression that displayed H∗(10) as a function of distance. This expression was
then used to extract the reference H∗(10) for the exact distance from each detector to
each source point. The measured H∗(10) from each source point and each detector was
then divided by this value to determine the barrier shielding factor.
Measurements for the following four setups were performed:
Setup 1: All 92 grid points on the ground according to Figure 3 were measured with
three 137Cs point sources totaling 3.1 GBq (Sources number 1-3 in Table 2.1) placed in
a 200 mL plastic container (inner wall ∅ = 67 mm and inner wall thickness = 1.9 mm).
This container was placed on a height-adjustable tripod in order to place the sources in
the measurement plane.
Setup 2: 137Cs measurements were taken of the 15 grid points on the roof of the
13
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Figure 2.3: Schematic overview of the measurement grid. All crossings of red and blue
lines indicate source position points. The width of one row and column represented by
the letters and numbers at the frame is 1 m.
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modules (L11 to P19 in Figure 2.3). The scintillators were now re-oriented so that their
front surfaces were directed towards the ceiling of the building, instead of downwards
as in the previous experiments with the center of the plastic crystal remaining 1 m above
the floor surface. For these measurements, one point source was used with activity 880
MBq (Source number 2 in Table 2.1), and it was also placed in a 200 mL plastic con-
tainer.
Setup 3: All 92 source points on the ground, according to Figure 2.3, were mea-
sured with the point source of 6100 MBq (60Co - source number 4 in Table 2.1). Due
to its high activity, complementary measurements were made with weaker sources at the
points closer to the modules in order to avoid saturating the detectors. The source points
where one or more detectors saturated and for which complementary measurements were
necessary were N9, L9, P9, R9, J11, R11, J13, R13, J15, R15, J17, R17, J19, R19, J21,
L21, N21, P21, J23, L23 and N23 (Figure 2.3). Measurements were taken by using three
point sources of 60Co that contained a total 180 MBq (Sources number 5, 6, and 7 or
8 in Table 2.1). The sources were placed in a 200 mL plastic container with inner wall
diameter 67 mm, which, in turn, was placed on a height-adjustable tripod.
Setup 4: For the 60Co measurements of the 15 grid points on the roof of the modules
(L11 to P19 in Figure 2.3), the detectors were turned 180o with the center of the plastic
crystal remaining 1 m above the floor surface. Two point sources totaling an activity of
190 MBq (Sources number 7 and 8 in Table 2.1) were used for the measurements on the
roof. As in Setup 3, the sources were placed in a 200 mL plastic container.
For all the measurements that used the 200 mL plastic container, the maximum dis-
placement of the sources within the container was 30 mm. Source number 4 in Table 2.1
was somewhat more difficult to place in exact position because of its higher activity and
attached handling equipment. Because of this, the displacement varied from measure-
ment point to measurement point, in the range 10 cm to 40 cm.
The definition of the geometry for the Monte Carlo calculations is based on the
construction drawings and descriptions made available by Bilsby R© (Bilsby R© -), and
measurements for the real modules included an additional construction made of clay
bricks (Figure 2.4). Various databases (in particular McConn Jr et al. 2011) were used
to assign the material specifications with definite atomic compositions and densities as
summarized in Table 2.2 to the input data for the different building structures and envi-
ronmental regions.
For each setup separate computations were performed for the different source posi-
tions and for reference values without the building structure. The setups corresponded
to the four different measurement setups. The source regions were defined in all calcu-
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Figure 2.4: Birds-eye view of the modular building model.
lations as cylinders with a diameter and height of 1 cm. The source energies were ei-
ther monoenergetic sources of 0.662 MeV representing the 137Cs sources, or they were
multi-energetic sources with energies of 1.173 MeV and 1.332 MeV representing the
60Co sources, also taking into account the emission probability of both energies. In-
ternal scatter within the source material was neglected, and there was no extra material
composition attached to the source regions apart from the surrounding air, but from a
simple comparison calculation without building can be assumed that about 12 % of the
calculated ambient dose is caused by gamma radiation that was scattered by the soil for
137Cs and about 8 % for 60Co.
The detection regions were defined as air-filled spheres with a diameter of 30 cm.
Four detector regions were positioned according to the detector positions in the real
modular building 1 m above floor level of the modules (Figure 2.2).
2.1.2 Results of the comparison
The barrier shielding factors determined from the experiment were compared to those
calculated theoretically. This was done by using the ratio of the experimentally and com-
putationally determined shielding factors.
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Table 2.2: Material specifications with definite atomic compositions (rounded) and den-
sities that were used for the Monte Carlo calculations.
Material Atomic composition Density in kg/L
Particle board 46.24 % H; 32.34 % C;
0.28 % N; 20.88 % O;
0.06 % Mg; 0.12 % S;





Mineral wool 42.5 % O; 1.7 % Na; 5.4 % Mg; 10.6 % Al; 18.2
% Si; 1.9 % K; 14.3 % Ca; 0.5 % Mn; 4.9 % Fe
0.167
Glas 60.39 % O; 8.81 % Na; 25.18 % Si; 5.62 % Ca 2.4
Plastic 50.00 % H; 33.33 % C; 16.67 % Cl 1.51
LECA bricks 63.33 % O; 0.69 % Na; 0.92 % Mg; 9.47 % Al;
21.91 % Si; 0.01 % P; 1.09 % K; 0.99 % Ca;
0.20 % Ti; 0.01 % Mn; 1.38 % Fe
2.2
Steel 3.41 % C; 4.87 % N; 0.97 % Si; 0.05 % P; 0.03
% S; 18.88 % Cr; 8.69 % Mn; 65.92 % Fe; 4.65
% Ni
7.86
Soil 31.69 % H; 50.16 % O; 4.00 % Al; 14.16 % Si 1.52
Air 0.02 % C; 78.44 % N; 21.07 % O; 0.47 % Ar 0.001205
Setup 1: The resulting ratios of the experimentally determined to the theoretically
calculated shielding factors for 137Cs were plotted in heat maps, in which individual val-
ues are represented graphically by a color code, for the corresponding distances from the
respective detector region. This allowed an investigation into any possible influence of
the different source positions around the modules (Figure 2.5) on the ratio. The ranges
of the plotted ratios show that the clay bricks in the real modules provided less shield-
ing than those in the theoretical model. Measurements of the real clay bricks showed
that their density was ρ = 0.65kg/L, which is lower than the clay density applied to
the model: ρ = 2.20kg/L taken from a material compendium (McConn Jr et al. 2011).
On average, the shielding factor over all source and detector regions was experimentally
determined to be 0.66±0.02 and theoretically calculated to be 0.60±0.02.The overall
ratio of the experimentally determined to the theoretically calculated shielding factors
was determined to be 1.39± 0.04. If the combinations of source positions to detector
regions are divided into those that cross the clay bricks looking at the direct line and
those that do not cross the clay bricks at the direct line the ratios are determined to be
1.03±0.02 without and 2.53±0.06 with the clay bricks.
Setup 2: The resulting ratios of the experimentally determined to the theoretically
calculated shielding factors for 137Cs were plotted in heat maps for the corresponding
source positions on top of the modules to the respective detector region. This allowed
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Figure 2.5: Ratio of the experimentally determined to the theoretically calculated shield-
ing factor according to source region position around the modules, for four different de-
tector regions inside the modules (red spot) for Setup 1 (137Cs). According to a material
compendium (McConn Jr et al. 2011), the density of the clay bricks in the calculations
was assumed to be ρ = 2.20kg/L, and it was later measured to be ρ = 0.65kg/L.
an investigation into any possible influence of different source positions on top of the
modules (Figure 2.6) on the ratio. The ranges of the plotted ratios show that the clay
bricks in the real modules provide less shielding than those in the theoretical model, as
the clay density was assumed to be higher in the model than that of the real bricks. The
ranges of the plotted ratios also show that the sources that were positioned on the line
where the two modules were fitted together lead to greater shielding from the real mod-
ules than that seen in the theoretical model. This can be explained because the edges
of the real modules are encased in metal, which was not included in the model. The
overall ratio of the experimentally determined to the theoretically calculated shielding
factors was determined to be 1.24± 0.10. If the combinations of source positions to
detector regions are divided into those that cross the clay bricks looking at the direct
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line and those that do not cross the clay bricks as well as those where the sources were
positioned on the metal case the ratios are determined to be 1.10±0.03 without the clay
bricks or metal case, 2.68±0.20 with the clay bricks and 0.64±0.04 with the metal case.
Figure 2.6: Ratio of the experimentally determined to the theoretically calculated shield-
ing factor according to source region position on top of the modules, for four different
detector regions inside the modules (black spot) for Setup 2 (137Cs). According to a ma-
terial compendium (McConn Jr et al. 2011), the density of the clay bricks in the calcula-
tions was assumed to be ρ = 2.20kg/L, and it was later measured to be ρ = 0.65kg/L.
Setup 3: The resulting ratios of the experimentally determined to the theoretically
calculated shielding factors for 60Co were plotted in heat maps as in Setup 1 (Figure 2.7).
The ranges of the plotted ratios show again that the clay bricks in the real modules pro-
vide less shielding than those in the theoretical model, as the clay density was assumed
to be higher in the model than that of the real bricks. On average, the shielding factor
over all source and detector regions was experimentally determined to be 0.73± 0.02
and theoretically calculated to be 0.65± 0.02. This resulted in an overall ratio and the
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standard error of the mean of the experimentally determined to the theoretically calcu-
lated shielding factors of 1.33±0.04. If the combinations of source positions to detector
regions are divided into those that cross the clay bricks looking at the direct line and
those that do not cross the clay bricks at the direct line the ratios are determined to be
1.04±0.02 without and 2.22±0.05 with the clay bricks.
Figure 2.7: Ratio of the experimentally determined to the theoretically calculated shield-
ing factor according to source region position around the modules, for four different
detector regions inside modules (red spot) for Setup 3 (60Co). According to a material
compendium (McConn Jr et al. 2011), the density of the clay bricks in the calculations
was assumed to be ρ = 2.20kg/L, and it was later measured to be ρ = 0.65kg/L.
Setup 4: The resulting ratios of the experimentally determined to the theoretically
calculated shielding factors for 60Co were plotted in heat maps as in Setup 2 (Figure 2.8).
The ranges of the plotted ratios show again that the clay bricks in the real modules pro-
vide less shielding than those in the theoretical model, as the clay density was assumed
to be higher in the model than that of the real bricks. Furthermore, the ranges of the
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plotted ratios again show that the sources that were positioned on the line where the two
modules were fitted together lead to greater shielding of the real modules than that seen
in the theoretical model. This can be explained because the edges of the real modules
are encased in metal which was not included in the model. The overall ratio of the ex-
perimentally determined to the theoretically calculated shielding factors was found to be
1.12±0.07. If the combinations of source positions to detector regions are divided into
those that cross the clay bricks looking at the direct line and those that do not cross the
clay bricks, as well as those where the sources were positioned on the metal case the
ratios are determined to be 1.02±0.02 without the clay bricks or metal case, 2.17±0.15
with the clay bricks and 0.67±0.03 with the metal case.
Figure 2.8: Ratio of the experimentally determined to the theoretically calculated shield-
ing factor according to source region position on top of the modules, for four different
detector regions inside the modules (black spot) for Setup 4 (60Co). According to a ma-
terial compendium (McConn Jr et al. 2011), the density of the clay bricks in the calcula-
tions was assumed to be ρ = 2.20kg/L, and it was later measured to be ρ = 0.65kg/L.
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Table 2.3 provides a summary of the ratios of the compared experimentally deter-
mined and theoretically calculated shielding factors.
Table 2.3: Ratios and standard error of the mean of the experimentally determined and
theoretically calculated shielding factors for different scenarios for a density of the clay
bricks (LECA) of ρ = 2.20kg/L if not a different value is mentioned.
Gamma Influences assumed Source region
source Ground Roof
137Cs None 1.39±0.04 (ρLECA = 2.20kg/L) 1.24±0.10
1.00±0.01 (ρLECA = 0.65kg/L)
Without clay bricks or
metal case
1.03±0.02 1.10±0.03
Clay bricks 2.53±0.06 2.68±0.20
Metal case – 0.64±0.04
60Co None 1.33±0.04 1.12±0.07
Without clay bricks or
metal case
1.02±0.05 1.02±0.02
Clay bricks 2.22±0.05 2.17±0.15
Metal case – 0.67±0.03
To find a suitable and representative indoor point for the shielding factor the overall
ratios were also determined per detector region and are summarized in Table 2.4. The
ratios are the highest for detector #1 as it was almost surrounded by the clay bricks and
thus its shielding factor was the most affected. The ratios determined for the source
positions on the roof were lower than the respective ratios for source positions on the
ground, since one third of the source positions on the roof were affected by the metal
case.
For studying the impact of the clay density it has to be kept in mend that for var-
ious brick clays, the firing temperature has a high impact on the development of their
pore structure (Hill 1960) and correspondingly their density. Moreover, some clay brick
types have large perforations that enhance their thermal insulating capacity (Gosmart-
bricks 2017), which naturally also considerably reduces the bulk density of the brick. To
investigate the impact of the different densities of clay bricks in this case and to show that
the Monte Carlo calculations are also applicable for the clay brick structure, additional
calculations were performed for clay brick densities of ρ = 2.20kg/Land ρ = 0.65kg/L.
The ratio comparing H∗(10) caused by 60Co and 137Cs crossing a clay brick for both
densities was calculated using the MCNP6 code (Goorley et al. 2012). The ratios were
determined for different thicknesses of clay brick (Figure 2.9), as the radiation can cross
the clay brick structure in the building model at different angles. The ratio of the differ-
ence of the shielding factor ratios for the respective source point detector combinations
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Table 2.4: Ratios and standard error of the mean of the experimentally determined and
theoretically calculated shielding factors for the different setups and detectors for a den-
sity of the clay bricks (LECA) of ρ = 2.20kg/L if not a different value is mentioned.
Setup Detector
#1 #2 #3 #4
137Cs Ground (ρLECA =
2.20kg/L)
2.38±0.08 1.07±0.03 1.05±0.03 1.06±0.03
Ground (ρLECA =
0.65kg/L)
0.95±0.02 1.02±0.02 0.99±0.02 1.03±0.02
Roof 2.14±0.25 0.96±0.08 0.95±0.06 0.91±0.06
60Co Ground 2.02±0.06 1.10±0.04 1.10±0.05 1.10±0.04
Roof 1.76±0.18 0.92±0.06 0.90±0.06 0.88±0.06


















cm of clay brick
60Co
137Cs
Figure 2.9: Ratio of the difference in H∗(10) after crossing clay bricks with a density
ρ = 0.65kg/L to bricks with density ρ = 2.20kg/L.
Additionally, the calculations were repeated for all source points that were influ-
enced by the clay brick structure according to Setup 1, but this time using the measured
density of the clay brick structure. The resulting ratios of the experimentally determined
to the theoretically calculated shielding factors for 137Cs were plotted in heat maps for
the corresponding distances from the respective detector region, as they were for the first
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calculations (Figure 2.10). The presented results show good agreement with the mea-
surements (slight variations will always be expected due to small imperfections in the
model compared with real life, due to ground unevenness, surface texture, etc.). The ra-
tio of the experimentally determined to the theoretically calculated shielding factors was
now determined to be 0.95±0.02 for detector #1, 1.02±0.02 for detector #2, 0.99±0.02
for detector #3, 1.03±0.02 for detector #4 (Table 2.4), and 1.00±0.01 averaging over
all detector regions (Table 2.3). The results show that all detector regions are of similar
quality. The average theoretical shielding factor increased with the new calculations to
0.68±0.02.
Figure 2.10: Ratio of the experimentally determined to the theoretically calculated
shielding factor according to source region position around the modules for four dif-
ferent detector regions inside the modules (red spot) for Setup 1 with corrected density
of the clay bricks (137Cs).
Concluding this section, the theoretically calculated shielding factors showed good
agreement with the experimentally determined shielding factors for the modular building
in case of source point and detector area combinations that were not directly influenced
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by the clay brick structure or the metal case. The ratios determined for the source points,
for which the direct radiation path crosses the clay structure before reaching the detec-
tor, were within the predicted range, considering the clay density in the model and the
density in the experiment. Further calculations also showed the agreement between the
model and experiment. For future calculations, it will be important to know the actual
density of bricks and other important construction elements used in building houses.
If not properly accounted for, construction materials with highly deviating density or
atomic composition may strongly affect the accuracy in the calculated shielding factors
of a building, depending on the choice of reference point in the building. In the present
study, however, the metal case only influenced the result when the source was directly
positioned on top of it. For future models has to be considered, that a structure of this
type might have to be included, especially when a major part of the unscattered radia-
tion crosses the structure before reaching the detector, which is usually not the case as
the metal case normally only covers a very small part of a modular building as in the
presented case.
The difference between the calculated and experimentally determined shielding for
two different radionuclides with primary gamma energies of 0.662 to 1.25 MeV appeared
to be negligible for the reference points not directly affected by the clay brick (Detector
points 2-4). As an example, the ratio between the measured and calculated shielding
factors ranged from 1.06 to 1.10 for the ground source geometry (Table 2.4). Hence,
the results showed that the gamma energy, in practice, has no influence on the level of
agreement between experiment and calculation, provided that the construction materials
are accurately characterized in terms of density and atomic composition. Therefore, the
applicability of theoretical calculations using MCNP6 for radioactive fallout scenarios
has been demonstrated in practice.
2.2 Comparing previous results with MCNP6
Regarding the theoretical determination of exposure reduction for buildings it has to be
considered that the ERMIN model currently largely relies on a series of Monte Carlo
computed kerma conversion factors, which date more than 30 years back and where
performed by GSF (Jacob & Meckbach 1987, Meckbach & Jacob 1988, Meckbach
et al. 1987, 1988). To investigate the quality of the Monte Carlo calculations, they
were repeated for one of the building types (semidetached house) using the modern
code MCNP6 (Goorley et al. 2012) for which its applicability was just demonstrated in
Section 2.1.
The house type and the surfaces and neighboring buildings (see Figure 2.11) were
modeled based on the data published by Meckbach et al. (1987, 1988), who also pro-
vided, e.g., highly detailed descriptions of the assumed construction materials with di-
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mensions, material specifications and densities. Atomic composition data of the differ-
ent materials were added from a compilation by Pacific Northwest National Laboratory
(McConn Jr et al. 2011). The source and detector regions were defined according to the
data given by (Meckbach et al. 1988).
Figure 2.11: Birds-eye view of the semidetached house without (left) and with (right)
neighboring buildings. The spheres indicate the position of the trees.
The calculated air kerma values per photon emitted per unit source area were com-
pared to those published at GSF (Meckbach et al. 1988). The ratios of the two data were
calculated for different source and detector areas and averaged over three different pho-
ton energies – 0.3 MeV, 0.662 MeV and 3.0 MeV (Table 2.5). The new calculations only
comprise indoor detection positions, as the publications of Meckbach did not disclose
the positions assumed for detection in outdoor locations.
Naturally, part of the difference may be attributable to differences in assumptions
regarding atomic compositions of materials, which were not specified in the old publica-
tion. However, the rather substantial differences between the calculations for particularly
walls and doors show that something more fundamental may be at play, possibly due to
the old and perhaps incorrect cross-section libraries that were used with the SAM-CE
code (Lichtenstein et al. 1979). The wall material in this case provides better shielding
against radiation than does the roof, and comparatively smaller radiation tallies would
thus be scored, and longer computing time required for a good result. Also estimates
of contributions to the air kerma from radiation from neighboring areas (where compar-
atively small radiation tallies would also be expected) are generally not in good agree-
ment. The results of the new calculations of kerma rate conversion factors in the format
applied by Meckbach et al. (1988) and used in the ERMIN data libraries are reported in
Tables 2.6 to 2.8 for the photon energies 0.3 MeV, 0.662 MeV and 3.0 MeV.
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Table 2.5: Ratios of newly calculated air kerma rate conversion factors divided by those
previously reported by Meckbach et al. (1988) for the same scenario. Figures are given
according to source and detection area.





Windows 1.11 0.41 0.78 0.68
Walls and doors 0.36 0.41 0.16 0.23
Roof 1.01 0.82 0.92 1.06
Without neighboring buildings:
Ground 0.51 0.37 0.27 0.81
With neighboring buildings:
Ground 0.42 0.36 0.13 0.13
Neighboring buildings 0.35 0.22 0.35 0.53
Trees 0.38 0.28 0.06 0.24
In conclusion, the new dose rate factors differed significantly from the old ones,
particularly when the radiation passed through substantial masses like outer house walls,
but the agreements and deviations lie within the order of magnitude. The explanation
might possibly lie in the programming, and could also reflect differences in cross-section
data libraries or unreported case-specific assumptions.
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Table 2.6: Contribution of the various deposition areas to the kerma at several locations
inside a semidetached house for a source energy of 0.3 MeV in pGy per γ/cm2.





Windows 0.026 2.8 6.2 1.5
Walls and doors 0.008 4.0 1.4 1.2
Roof 0.116 7.3 24.0 84.0
Without neighboring buildings:
Ground 0.013 13.6 10.4 29.8
With neighboring buildings:
Ground 0.004 8.8 2.6 3.1
Neighboring buildings 0.001 1.0 1.9 3.9
Trees 0.002 1.4 0.3 0.7
Table 2.7: Contribution of the various deposition areas to the kerma at several locations
inside a semidetached house for a source energy of 0.662 MeV in pGy per γ/cm2.





Windows 0.159 6.2 20.5 4.0
Walls and doors 0.054 7.9 3.0 3.5
Roof 0.753 17.5 57.5 198.8
Without neighboring buildings:
Ground 0.060 31.0 19.4 73.1
With neighboring buildings:
Ground 0.020 18.9 5.3 7.7
Neighboring buildings 0.007 2.3 4.2 12.1
Trees 0.012 3.2 0.5 1.9
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Table 2.8: Contribution of the various deposition areas to the kerma at several locations
inside a semidetached house for a source energy of 3.0 MeV in pGy per γ/cm2.





Windows 2.37 20.9 66.2 14
Walls and doors 1.10 23.1 11.0 19
Roof 9.79 69.3 218.3 722
Without neighboring buildings:
Ground 0.95 108.2 46.4 416
With neighboring buildings:
Ground 0.71 59.8 16.7 31
Neighboring buildings 0.15 7.9 14.5 66
Trees 0.31 11.2 1.2 9
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Chapter 3
Application to modern types of
buildings
3.1 Kerma conversion factors for modern glass build-
ings
Apart from the ERMIN model relying on old data sets of kerma conversion factors for
buildings, the number of different types of inhabited environment is limited. For in-
stance, city centers contain many tall buildings of modern construction (e.g., with much
glass). To the best of our knowledge Monte Carlo simulations have not previously been
performed for buildings with glass facades or buildings with similar shielding properties.
Therefore, the next step was to set up a model of a modern glass building and derive the
kerma conversion factors from different contaminated surfaces.
3.1.1 Description of the model
The definition of the geometry is leaned on the construction drawings and descriptions
of a real glass building in the city of Copenhagen that were made available by the Tech-
nical and Environmental Administration of the Municipality of Copenhagen (Teknik- og
Miljøforvaltning – Københavns Kommune) and was applied to 11 different heights of
the building from one story till 11 storys for a single house scenario that stands alone,
for a park scenario with 3 houses in a row, and for a city scenario with a square of 3
x 3 houses (Figures 3.1 to 3.4). The outer walls are made of 2 layers of 1.2 cm thick
glass with 97.6 cm air in between them. In the middle of the building (see Figures 3.1
and 3.2) is an atrium covered by a roof of 2.4 cm thick glass. It is not surround by any
wall as it is usually surrounded by railings on the different floors. The house contains
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six shafts for stairs and elevators going from the basement up to the top of the building
(see Figures 3.1 and 3.2). Their surrounding walls are made of 30 cm thick concrete.
The building is furthermore based on sixty concrete columns (indicated by small circles
in Figure 3.1) with a diameter of 60 cm going from the basement building. The interme-
diate floors and the roof are made 22 cm thick concrete and the basement is surrounded
by 40 cm thick concrete to the bottom and to the sides. The spheres in Figures 3.1 to 3.4
indicate the positions of the tree canopies. As foliage on trees constitute a very efficient
aerosol/rain filter, the contamination on the stem and branches will be of comparatively
little importance (Roed 1988) and is not considered in the model.
Figure 3.1: Horizontal cut of the glass building. The spheres indicate the positions of
the trees.
Data from a material compendium (McConn Jr et al. 2011) was used to assign the
material specifications with definite atomic compositions and densities as summarized
in Table 3.1 to the input for the different building structures and environmental regions.
For each height and scenario separate computations were performed for sources that
were defined as surfaces on top of the ground, trees, walls, and roofs. The source ener-
gies were monoenergetic sources of 0.662 MeV representing 137Cs, which has been of
main concern in connection with the Chernobyl and Fukushima incidents, 0.3 MeV or
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Figure 3.2: Vertical cut of the glass building for the largest height of eleven storys. The
spheres indicate the positions of the trees.
3.0 MeV to get an impression of the behavior of the kerma for lower and higher primary
gamma energies. The detector regions were defined as air-filled spheres with a diameter
of 30 cm and eighteen of them were positioned in various part of each floor 1 m above
the level of the respective floor of the building.
Internal walls inside the building were not modeled, because in these modern build-
ings they are not part of the building. They are usually made of gypsum (around 12 cm
thick) and can be built up and removed quickly. To get an idea about their shielding
effect extra simulations were performed leading to the results that the kerma will be re-
duced by a factor of 0.72 for a primary gamma energy of 0.3 MeV, by 0.77 for a primary
gamma energy of 0.662 MeV and by 0.86 for a primary gamma energy of 3.0 MeV after
passing one gypsum wall of 12 cm thickness.
3.1.2 Resulting formulas for glass buildings of different heights
With these Monte Carlo calculations the kerma (pGy) per emitted gamma photon (γ) on
the source was determined. This factor was multiplied with the size of the respective
source area (mm2) to determine the kerma (pGy) for a source strength of one gamma
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Figure 3.3: Horizontal cut of the park scenario. The spheres indicate the positions of the
trees.
Table 3.1: Material specifications with definite atomic compositions (rounded) and den-
sities that were used for the Monte Carlo calculations.
Material Atomic composition Density in kg/l
Air 0.02 % C; 78.44 % N; 21.07 % O; 0.47 % Ar 0.001205
Concrete 8.47 % H; 60.41 % O; 1.25 % Na; 2.48 % Al; 24.19 %
Si; 2.72 % Ca; 0.47 % Fe
2.25
Glass 60.39 % O; 8.81 % Na; 25.18 % Si; 5.62 % Ca 2.4
Soil 31.69 % H; 50.16 % O; 4.00 % Al; 14.16 % Si 1.52
photon per unit area (γmm-2) represented by K. These values were used as a basis to fit
a mathematical model for the kerma over them for each type of surface at a given floor
F inside a building of a height H with the smallest possible deviations.
The following mathematical expressions describe the kerma for all floors of the glass
building for all building heights, environmental scenarios, source energies and source ar-
eas. H represents in the equations the height in terms of number of storys above ground
level (excluding the basement there are H + 1 storys). F represents the floor inside the
building from F = −1 (basement) through F = 0 (ground floor) to higher floors (e.g.
F = 5 is the fifth floor). F is of course restricted by the height of the building (F ≤ H).
All equations determine the kerma (pGy) for a source strength of one gamma photon per
unit area (γmm-2) (K). By multiplying this factor with a given contamination level (Bq
mm-2) and the number of photons per disintegration (γ) of the respective gamma energy,
the kerma rate contribution for each gamma energy emitted with determined kerma fac-
tors can be calculated. As the basement of the building is more shielded than the rest of
the building, an extra equation is necessary for all contamination scenarios.
The development of the kerma per source strength inside a glass building caused
by contamination on the roof can be described by Equation (3.1) with the values of the
variables given in Table 3.2. The variable a expresses the kerma per source strength in
the floor directly under the roof, the term exp(−b · (H−F)c) the decrease of the kerma
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Figure 3.4: Horizontal cut of the city scenario. The spheres indicate the positions of the
trees.
with distance to the roof, and the term (1+d · exp(−e ·F f )) the backscattered radiation
from the ground. The kerma in the basement decreases with the height of the building
as the distance to the basement increases (g · exp(−h ·H i)).
K(F,H) =
{
a · exp(−b · (H−F)c) · (1+d · exp(−e ·F f )), ∀F ≥ 0
g · exp(−h ·H i), ∀F =−1 (3.1)
Equation (3.2) with the values of the variables given in Table 3.3 describes the devel-
opment of the kerma per source strength inside a glass building caused by contamination
on the walls. The variable a expresses the maximal kerma per source strength in a floor
with several floors under and over it. The term (1− b · exp(−c ·Fd)) expresses the de-
crease of the kerma because of decreasing distance to the ground and therefore smaller
area of contaminated wall below this floor, and the term (1− e · exp(− f · (H −F)g))
the same effect of decreasing distance towards the roof of the building. Furthermore, the
term (1−h ·exp(−i ·H j)) expresses the impact of the height of the building as the source
area of the walls increases with height. The kerma in the basement increases with the
height and source area of the building (1− l · exp(−m ·Hn)) towards a maximum value
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Table 3.2: Values of the variables in Equation (3.1) describing the kerma per unit source
strength inside a glass building caused by contamination on the roof. ‘a’ and ‘g’ have
the dimension pGy per γ mm-2. All other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 4.70 15.3 126
b 0.80 1.05 1.33
c 0.78 0.74 0.70
d 0.11 0.073 0.018
e 1.29 1.27 0.95
f 1.03 0.63 0.30
g 0.040 0.39 14.6
h 0.35 0.59 0.96
i 0.87 0.69 0.60
of k.
K(F,H) =
 a · (1−b · exp(−c ·F
d))
·(1− e · exp(− f · (H−F)g)) · (1−h · exp(−i ·H j)), ∀F ≥ 0
k · (1− l · exp(−m ·Hn)), ∀F =−1
(3.2)
The development of the kerma per source strength inside a glass building caused
by contamination on the ground can be described by Equations (3.3) and (3.4) with
the respective values of the variables given in Tables 3.4 to 3.6 depending on the en-
vironmental scenario. The variable a represents the kerma at the ground floor and the
term exp(−b ·Fc) the decrease of it towards the roof. In the scenarios with neighboring
buildings skyshine has an impact on the floors closest to the roof, which is expressed by
the term (1+ d · exp(−e · (H−F) f )). The kerma in the basement is independent from
the height of the buildings and therefore stable. It is expressed by the value d in the sce-




a · exp(−b ·Fc), ∀F ≥ 0
d, ∀F =−1 (3.3)
K(F,H) =
{
a · exp(−b ·Fc) · (1+d · exp(−e · (H−F) f )), ∀F ≥ 0
g, ∀F =−1 (3.4)
Neighboring buildings contribute to the kerma by contamination on their roofs and
walls. Equation (3.5) with the respective values of the variables given in Tables 3.7
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Table 3.3: Values of the variables in Equation (3.2) describing the kerma per unit source
strength inside a glass building caused by contamination on the walls. ‘a’ and ‘k’ have
the dimension pGy per γ mm-2. All other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 17.0 36.7 132
b 0.066 0.065 0.098
c 1.76 2.64 1.41
d 0.0064 0.45 0.87
e 0.12 0.12 0.15
f 1.84 1.92 1.62
g 0.39 0.42 0.74
h 0.096 0.037 0.025
i 0.25 0.59 1.46
j 0.60 0.71 0.86
k 0.040 0.30 7.42
l 0.34 0.35 0.41
m 1.40 2.38 1.63
n 0.17 0.31 1.33
and 3.8 describe the development of the kerma per source strength inside a glass build-
ing caused by contamination on the roofs of those neighboring buildings. The variable
a expresses the kerma per source strength in the floor directly under the roof, the term
exp(−b · (H−F)c) the decreasing of the kerma with distance to the roof, and the term
(1+ d · exp(−e ·F f )) the backscattered radiation from the ground. The kerma in the
basement decreases with the height of the building as the distance to the basement in-
creases (g ·exp(−h ·H i)) for primary gamma energies of 0.3 and 0.662 MeV. For primary
gamma energies of 3.0 MeV an extra of − j · exp(−k ·H l) has to be added to model the
development of the kerma in the basement for different heights of the buildings. This
Table 3.4: Values of the variables in Equation (3.3) describing the kerma per unit source
strength inside a glass building caused by contamination on the ground for a single house
without any neighboring buildings. ‘a’ and ‘d’ have the dimension pGy per γ mm-2. ‘b’
and ‘c’ are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 41.1 115 572
b 0.64 0.67 0.62
c 0.51 0.53 0.58
d 0.019 0.093 0.63
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Table 3.5: Values of the variables in Equation (3.4) describing the kerma per unit source
strength inside a glass building caused by contamination on the ground for a house in a
park scenario with two neighboring buildings. ‘a’ and ‘g’ have the dimension pGy per γ
mm-2. All other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 34.5 95.7 475
b 0.70 0.73 0.69
c 0.50 0.51 0.54
d 0.035 0.026 0.015
e 0.37 0.48 0.52
f 1.88 1.51 1.33
g 0.017 0.082 0.55
Table 3.6: Values of the variables in Equation (3.4) describing the kerma per unit source
strength inside a glass building caused by contamination on the ground for a house in a
city scenario with eight neighboring buildings. ‘a’ and ‘g’ have the dimension pGy per
γ mm-2. All other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 23.8 61.5 267
b 1.18 1.36 1.46
c 0.49 0.48 0.49
d 0.12 0.13 0.084
e 0.60 0.68 0.88
f 1.56 1.49 1.57
g 0.011 0.056 0.36
may reflect a second relevant factor apart from the distance of source and detector po-
sition. By looking at the direct line between source and detector position it can be seen
that the distance of soil that has to be crossed, before the radiation reaches the basement,
decreases with increasing height of the building. Therefore, the kerma in the basement
at the beginning increases with increasing distance to the source as this shielding ef-
fect seems to have a higher impact on the kerma development in these ranges than the
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distance to the source which additionally seems to be only relevant for higher energies.
K(F,H) =

a · exp(−b · (H−F)c)
·(1+d · exp(−e ·F f )), ∀F ≥ 0
g · exp(−h ·H i) ∀F =−1
(0.3 and 0.662 MeV)
g · exp(−h ·H i)− j · exp(−k ·H l) ∀F =−1
(3.0 MeV)
(3.5)
Table 3.7: Values of the variables in Equation (3.5) describing the kerma per unit source
strength inside a glass building caused by contamination on the roof of two neighboring
buildings in a park scenario. ‘a’, ‘g’ and ‘j’ have the dimension pGy per γ mm-2. All
other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 0.37 0.64 1.38
b 0.74 0.84 0.70
c 0.59 0.58 0.79
d 0.034 0.039 0.039
e 0.017 0.31 0.37
f 4.95 1.78 1.45
g 0.00043 0.0018 0.077
h 0.45 0.38 0.10
i 0.90 0.85 1.61
j - - 0.067
k - - 0.20
l - - 2.38
The development of the kerma per source strength inside a glass building caused
by contamination on the walls of neighboring buildings can be described by Equation
(3.2) with the respective values of the variables given in Tables 3.9 and 3.10 depending
on the environmental scenario. The variable a expresses the maximal kerma per source
strength in a floor with several floors under and over it. The term (1−b · exp(−c ·Fd))
expresses the decrease of the kerma because of decreasing distance to the ground and
therefore less area of contaminated walls on this side of the floor, and the term (1− e ·
exp(− f ·(H−F)g)) the same effect of decreasing distance towards the roof of the build-
ings. Furthermore, the term (1−h · exp(−i ·H j)) expresses the impact of the heights of
the buildings as the source area of the walls increases with height. The kerma in the
basement increases with the height and source area of the building (1− l ·exp(−m ·Hn))
towards a maximum value of k.
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Table 3.8: Values of the variables in Equation (3.5) describing the kerma per unit source
strength inside a glass building caused by contamination on the roof of eight neighboring
buildings in a city scenario. ‘a’, ‘g’ and ‘j’ have the dimension pGy per γ mm-2. All other
variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 1.48 2.64 5.53
b 0.55 0.61 0.52
c 0.85 0.85 0.93
d 0.063 0.066 0.037
e 0.67 0.39 0.57
f 1.56 1.91 1.26
g 0.0014 0.0079 0.39
h 0.072 0.32 0.12
i 1.78 0.96 1.26
j - - 0.36
k - - 0.16
l - - 1.44
Equation (3.6) with the respective values of the variables given in Tables 3.11 to 3.13
describe the development of the kerma per source strength inside a glass building caused
by contamination on trees depending on the environmental scenario. The term a·exp(−b·
Fc) describes the decreasing of the kerma with distance to the trees for buildings of
heights H ≥ 1 at the floors F ≥ 1. The value of the variable d expresses the kerma at the
ground floor for a building height of H = 0 and e the kerma at the ground floor for higher
buildings. The kerma in the basement is independent from the height of the buildings
and expressed by the value f .
K(F,H) =

a · exp(−b ·Fc), ∀F,H ≥ 0
d ∀F,H = 0
e ∀F = 0∧H ≥ 1
f ∀F =−1
(3.6)
With the determined kerma conversion factors for a modern glass building that can
be found in a similar way in many modern cities now, the knowledgebase for external
dose estimations in inhabited areas can be improved. Therefore, those factors support
the progress of decision making in long term management in modern cities after an
airborne release of radionuclides as e.g. a nuclear power plant accident. The description
as formulas allows the further application of the glass building model regardless of the
height of the building and detection area.
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Table 3.9: Values of the variables in Equation (3.2) describing the kerma per unit source
strength inside a glass building caused by contamination on the walls of two neighboring
buildings in a park scenario. ‘a’ and ‘k’ have the dimension pGy per γ mm-2. All other
variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 4.62 10.8 36.9
b 0.21 0.20 0.20
c 1.11 1.34 1.52
d 0.75 0.70 0.44
e 0.37 0.38 0.40
f 0.89 0.94 0.99
g 1.20 1.19 1.13
h 0.51 0.46 0.31
i 0.45 0.51 0.74
j 0.55 0.40 0.43
k 0.0071 0.053 1.61
l 0.92 0.94 0.98
m 0.19 0.15 0.11
n 1.24 1.60 1.88
3.2 Comparison with previous values for a multistory
house block
To show the relevance of the determined kerma factors they were compared to respec-
tive factors calculated by Meckbach et al. (1988) for a multistory house block, which
is the closest of the building models that were developed so far compared to the glass
building model described in Section 3.1.1. The multistory house was five storys high
and therefore the values are compared to the values of the glass building with a height of
H = 4. Furthermore, kerma factors inside the multistory house block were determined
for the basement (F =−1), the ground floor (F = 0), the second floor (F = 2), and the
fourth floor (F = 4) and thus compared to the respective floors inside the glass build-
ing. Regarding the source areas on the building both factors for the roof were compared
as well as the factor for the walls of the glass building with the sum of the factors for
walls and windows of the multistory house block. In case of the ground as source area
the respective factors were compared for the park and the city scenario that were for
the multistory house block the sum of the factors for the street and the park in the park
scenario and the factor for the street in case of the city scenario. For the neighboring
buildings (Meckbach et al. 1988) calculated factors for walls and windows as well as
for the roof and for both park and city scenario. Therefore, all four could directly be
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Table 3.10: Values of the variables in Equation (3.2) describing the kerma per unit source
strength inside a glass building caused by contamination on the walls of eight neighbor-
ing buildings in a city scenario. ‘a’ and ‘k’ have the dimension pGy per γ mm-2. All
other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 15.3 36.4 142
b 0.23 0.22 0.22
c 0.85 1.02 1.06
d 0.90 0.99 1.07
e 0.41 0.43 0.47
f 0.51 0.51 0.50
g 1.11 1.15 1.07
h 0.61 0.56 0.46
i 0.41 0.47 0.66
j 0.69 0.64 0.62
k 0.024 0.24 6.42
l 0.94 0.97 0.99
m 0.079 0.061 0.039
n 1.47 1.40 1.73
compared to the respective ones determined for the glass building. Regarding the factors
for the trees the respective ones for a park scenario were compared.
The comparison took place by dividing the factor for the glass building by the re-
spective one for the multistory house block for all values available. This was performed
for all three primary gamma energies and the resulting ratios are presented in Tables 3.14
to 3.16.
The numbers show that the kerma factor is larger, apart from nine cases for the glass
building than for the multistory house block. Two extreme cases were determined with
a ratio of 271 for the roof to second floor factor for a primary gamma energy of 0.662
MeV and with a ratio of 383 for the roof to ground floor factor for a primary gamma
energy of 3.0 MeV. The other ratios vary between 0.22 and 35.4 with an averaged ratio
and standard error of the mean of 6.11±0.73 (excluding the two extreme values).
Looking into the details the average ratio over each primary gamma energy decreases
with increasing primary energy excluding the two extreme values as the averaged val-
ues are 7.72±1.34 for a primary gamma energy of 0.3 MeV, 6.76±1.36 for a primary
gamma energy of 0.662 MeV and 4.05±0.99 for a primary gamma energy of 3.0 MeV.
Looking at the source areas of course the roof of the building has the highest averaged
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Table 3.11: Values of the variables in Equation (3.6) describing the kerma per unit source
strength inside a glass building caused by contamination on trees for a single house
without any neighboring buildings. ‘a’, ‘d’, ‘e’ and ‘f’ have the dimension pGy per γ
mm-2. ‘b’ and ‘c’ are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 1.42 ·1017 6.50 ·109 1.12 ·1010
b 39.4 21.6 20.8
c 0.048 0.10 0.12
d 1.07 2.66 10.2
e 1.12 2.77 10.6
f 0.0020 0.014 0.38
Table 3.12: Values of the variables in Equation (3.6) describing the kerma per unit source
strength inside a glass building caused by contamination on trees for a house in a park
scenario with two neighboring buildings. ‘a’, ‘d’, ‘e’ and ‘f’ have the dimension pGy
per γ mm-2. ‘b’ and ‘c’ are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 4.24 ·1018 3.58 ·109 3.90 ·1042
b 42.7 20.9 95.6
c 0.041 0.095 0.025
d 1.19 2.98 11.7
e 1.23 3.09 12.1
f 0.0020 0.015 0.39
ratio because of the two extreme values with 116±77 (without them it is still 10.5±5.1).
This source area in terms of the averaged ratio is followed by the ground in the city sce-
nario with 16.7± 3.2, the ground in the park scenario with 7.32± 0.78, the walls and
windows of the building with 6.54±1.54, the roofs of neighboring buildings in the city
scenario with 5.95± 2.18, the walls and windows of neighboring buildings in the city
scenario with 3.75± 0.47, the walls and windows of neighboring buildings in the park
scenario with 3.26± 0.48, the roofs of neighboring buildings in the park scenario with
1.67± 0.38 and at last the trees in the park scenario with 1.49± 2.18. The averaging
of the ratio over the detection areas excluding the two extreme values shows less vari-
ety with the values for ground floor (6.60±1.49), second floor (6.70±1.38) and fourth
floor (6.65± 1.56) being similar. Only the basement showed a lower averaged ratio of
4.04±1.12.
Apart from the building material, the deviations of the two building models are
caused e.g. by different building sizes. Furthermore, the glass building had an atrium
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Table 3.13: Values of the variables in Equation (3.6) describing the kerma per unit source
strength inside a glass building caused by contamination on trees for a house in a city
scenario with eight neighboring buildings. ‘a’, ‘d’, ‘e’ and ‘f’ have the dimension pGy
per γ mm-2. ‘b’ and ‘c’ are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 4.70 ·1020 3.01 ·109 9.10 ·109
b 47.0 20.3 20.0
c 0.030 0.078 0.092
d 1.78 4.55 18.6
e 1.83 4.65 18.9
f 0.0025 0.017 0.41
instead of a courtyard inside multistory house block and the multistory house block
had light-shafts to the basement apart from the glass building. Moreover, the calcu-
lations were performed with different codes as the influence was already described in
Section 2.2. Finally, those ratios underpin the importance of the determined factors for
decision support systems as the kerma factors for the multistory house block were cal-
culated for only one building height.
In conclusion, the results of this comparison emphasize the importance of taking
into account adequate representations of construction geometries and materials when
estimating kerma.
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Table 3.14: Ratios of the kerma factor for the glass building divided by the respective
factor for a multistory house block (Meckbach et al. 1988). The figures are given ac-








Roof - - - 7.85
Walls and windows 12.3 4.39 4.49 4.38
Ground:
Park scenario (street and park) 7.65 11.6 9.42 8.14
City scenario (street) 2.76 24.1 21.6 30.2
Neighboring buildings:
Roofs in a park scenario - 2.25 2.88 3.68
Roofs in a city scenario - 24.3 11.6 4.90
Walls and windows in a park scenario 1.62 4.16 4.91 5.83
Walls and windows in a city scenario 1.19 4.46 5.55 6.34
Trees:
Park scenario 0.510 1.90 2.25 2.02
Table 3.15: Ratios of the kerma factor for the glass building divided by the respective
factor for a multistory house block (Meckbach et al. 1988). The figures are given ac-








Roof - - 271 4.04
Walls and windows 17.5 3.94 4.20 3.77
Ground:
Park scenario (street and park) 4.88 11.0 8.62 8.66
City scenario (street) 2.83 23.9 21.1 35.4
Neighboring buildings:
Roofs in a park scenario - 1.86 2.09 2.55
Roofs in a city scenario - 4.36 5.82 4.37
Walls and windows in a park scenario 1.77 3.47 4.12 5.95
Walls and windows in a city scenario 2.06 4.25 4.72 5.62
Trees:
Park scenario 1.14 1.71 2.06 1.88
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Table 3.16: Ratios of the kerma factor for the glass building divided by the respective
factor for a multistory house block (Meckbach et al. 1988). The figures are given ac-








Roof - 383 27.7 2.26
Walls and windows 16.5 2.37 2.45 2.24
Ground:
Park scenario (street and park) 2.03 6.13 4.74 5.06
City scenario (street) 1.14 11.2 9.47 16.3
Neighboring buildings:
Roofs in a park scenario 0.223 0.250 0.319 0.649
Roofs in a city scenario 0.412 0.838 1.27 1.64
Walls and windows in a park scenario 1.08 1.93 2.27 2.02
Walls and windows in a city scenario 1.39 2.98 3.19 3.21
Trees:





By multiplication of kerma conversion factors with initial relative contamination levels,
the initial relative kerma contributions to persons staying in given types of inhabited ar-
eas from different contaminated surfaces in the area can be estimated. Apart from drills
and training purposes, detailed kerma modeling is an essential requirement in estimating
any future doses to people living in a contaminated area, as these can obviously not be
measured (e.g., residual doses in considering different recovery intervention strategies
on different contaminated surfaces; ICRP 2007). This further includes the identification
of appropriate time functions representing the natural weathering and migration pro-
cesses of contaminants on each type of surface as it is essential in enabling estimation
of future time integrated doses and for instance residual doses received by people after
treatment in a prescribed way of a given type of surface in the inhabited environment.
Both the initial levels and the post-deposition migration of the contaminants depend on
their physicochemical characteristics.
4.1 Relative deposition of contaminants
To shed light on possible physicochemical forms of different contaminants potentially
released in a nuclear power plant accident, the experience in this context from the Cher-
nobyl and Fukushima accidents was first assessed. The radionuclide composition of re-
leased contaminants will depend on the source, while contaminant characteristics such
as particle/gas release fractions, particle size distribution, solubility and oxidation states
will also depend on the release processes, in particular on the temperature, pressure and
the presence of air/oxygen (Lind 2006, Lind et al. 2009, Salbu 2001).
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One of the most volatile contaminants (except noble gases) is iodine, which may
be released in its elemental gas form (which has a very high deposition velocity to sur-
faces), in organic gas forms (where the deposition velocity is comparatively insignificant
and thus in practice unimportant), and as condensed vapour on ambient aerosols, typ-
ically resulting in an AMAD (activity median aerodynamic diameter) in the range of
0.5-1 μm, which would have an intermediate deposition velocity (Andersson 2009a).
Comparatively very high release fractions of iodine were as expected reported both in
connection with the Chernobyl (0.2; IAEA 1991) and Fukushima (0.0002; Le Petit et al.
2014) accident. Iodine aerosol spectra obtained at different distances after the Chernobyl
accident show a perfect Gaussian distribution with no signs of bimodality (e.g., Reinek-
ing et al. 1987, Jost et al. 1986), with an AMAD of about 0.5 μm, which is slightly
smaller than that of the corresponding Cs aerosol. This iodine aerosol size distribution
compares well with that registered after the Fukushima accident (Kaneyasu et al. 2012).
However in these measurements the size distribution is a complete match with that for
cesium, indicating that insignificant quantities of larger (fuel fragment) particles con-
taining traces of cesium were at the times of measurement released at Fukushima. This
suggests that the aerosol iodine can essentially be assumed to be purely condensed mode
(on ambient particles). This is in-line with the high solubility and initial post-deposition
mobility recorded for all the deposited iodine from Chernobyl at different distances (see,
e.g., Roed 1990).
At the other end of the volatility spectrum, it was in connection with the Chernobyl
accident found that contaminants of certain elements, which were not reported after the
Fukushima accident, where the explosions were less powerful, were only released to
the atmosphere in the form of comparatively large low solubility fuel particles, indicat-
ing that these would in general be expected to be highly refractory (undepleted from
the fuel). These comprised 95Zr, 95Nb, 140Ba, 140La, 141/144Ce, 237/239Np, 238-242Pu,
241/243Am and 242/244Cm (Bobovnikova et al. 1990, Loshchilov et al. 1991, Kuriny et al.
1993, Kashparov et al. 2003, Salbu et al. 1994). It can not be ruled out that future ac-
cident scenarios might lead to releases of fuel particles. Apart from the fuel particles
with sizes allowing them to follow air streams, part of the released fuel from the Cher-
nobyl accident was in the form of either very large fuel fragments spread ballistically by
the power of the release process, or very large conglomerates of nuclear fuel fused with
melted zirconium (Kashparov et al. 2003). This part of the contamination was mainly
in a form with a size range from several tens to more than a thousand microns (Kash-
parov et al. 2003), and mostly deposited within the nearest 2 km (Kashparov et al. 2003)
- a zone where it makes absolutely no sense to attempt to model the contaminant dis-
tribution through atmospheric dispersion modeling. These huge particles/fragments, al-
though probably locally dominant in some areas over very small distances, are estimated
to contain only a small fraction of the total contamination (Kashparov et al. 2000). It
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can thus be assumed that nearly all atmospherically dispersed particles carrying Zr, Nb,
Ba, La, Ce, Np, Pu, Am and Cm are fuel aerosol particles. Measurements made after
the Chernobyl accident showed that the smallest of these particles (which reached great
distances) had a size of about 4 μm (Reineking et al. 1987, Rulik et al. 1989, Mala et al.
2013). Kashparov et al. (1996, 2000) reported of a fuel aerosol particle median diame-
ter of some 5-6 μm corresponding to a crystallite size of the fuel. This actually seems
consistent with results of smaller explosive tests (although clearly much less powerful)
interacting on a matrix of uranium dioxide (Harper et al. 2007), where the smallest par-
ticles were found to be some 4 μm, but the greatest part of the aerosolized mass was
in the ca. 5-20 μm range. In addition to pure fuel (uranium oxides) particles, also fuel
mixes with construction materials and fire extinguishing materials have been reported in
the near zones after the Chernobyl accident, which could have a different environmental
mobility (Dobrovolsky & Lyalko 1995, Lind 2006).
Quite large (and comparable) fractions of Cs, Te and Rb (and to a somewhat lesser
extent Sb and Mo) were released in connection with the Fukushima accident (Le Petit
et al. 2014), and these should, based on Chernobyl data (e.g., Bobovnikova et al. 1990,
Loshchilov et al. 1991, Kuriny et al. 1993) be expected to a considerable extent (prob-
ably somewhat less for Sb and Mo) to be volatilized from the fuel, forming submicro-
neous condensation particles. In the powerful Chernobyl explosion case investigations
by Kuriny et al. (1993) show that even at distances up to about 50-60 km in some di-
rections from the Chernobyl NPP, most of the deposited cesium was in the form of fuel
particles. This agrees with results of experimental investigations of the effect of decon-
tamination operations (water hosing on impermeable surfaces) carried out in Pripyat and
hundreds of km away from the Chernobyl NPP, where the contamination was much eas-
ier removed in the nearest areas where it was associated with large low-solubility fuel
particles (Andersson 2009a). The data of Salbu et al. (1994) show that the relationship
between 90Sr and 137Cs in fuel particle deposition dominated areas was roughly 10 times
higher than that in condensation particle deposition dominated areas. This can be taken
as an indication that the fuel particles may have been depleted about 10 times more with
respect to Cs than with respect to Sr. Some association with fuel particles could explain
the slightly bimodal 137Cs aerosol distribution measured by Reineking et al. (1987) as far
away as Göttingen in central Germany after the Chernobyl accident, clearly showing the
presence of some supermicron particles, which would be expected to have low solubility
(Andersson 2009a). Again, the depletion fraction would be expected to vary accord-
ing to the exact accident scenario conditions. The cesium aerosol measured after the
Fukushima accident was generally submicron and characteristic of condensation mode
(Kaneyasu et al. 2012), even though surprising processes some days after the start of
the Fukushima accident also seem to have resulted in creation of some homogeneously
cesium-containing spherical low solubility particles in the 2 μm range (Adachi et al.
2013). In connection with the Chernobyl accident, single element particles (e.g., ruthe-
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nium, cesium) were recorded more than a thousand km from Chernobyl (Salbu 1988),
indicating the complexity of processes during the release.
As for strontium, both fuel particle and small condensation aerosol fallout has been
reported from the Chernobyl accident (Kashparov et al. 2003, Salbu et al. 1994). In
the Chernobyl 30 km zone Konoplev et al. (1992), Askbrant et al. (1996) reported that
80-90 % of the strontium was associated with fuel particles. Even more than a hun-
dred km away from the Chernobyl NPP, fuel particles constituted a significant part of
the strontium contamination (Kuriny et al. 1993). The ‘duality’ of the fuel particles and
condensation aerosols carrying strontium from the Chernobyl accident can be illustrated
through the results of modified ‘Tessier type’ sequential extractions (see Tessier et al.
1979) carried out on soils contaminated with Chernobyl Sr at various distances from
the Chernobyl NPP (Salbu et al. 1994). In the nearest investigated areas (at 50 km dis-
tance), by far the greatest part of the strontium in the soil was in strongly bound forms
that could only be extracted with hydrogen peroxide or nitric acid, whereas in areas at
greater distances (170-450 km), by far the majority of the strontium was in much more
easily soluble forms. Parallel tests with stable Sr were employed to rule out effects of the
different specific soil types. It should be noted that since 89Sr, 90Sr and 90Y can not be
determined in straightforward gamma spectrometry, but usually require chemical sepa-
ration of strontium from other radionuclides in the sample, prior to radiometric analysis,
they are ‘inconvenient type’ to study for instance in aerosol samples, where they have to
a large extent been ignored both after the Chernobyl and the Fukushima accident (Stein-
hauser 2014). However, even in the Fukushima case, also 90Sr contamination has been
measured, in the vicinity of the Fukushima NPP Steinhauser (2014), at reported levels
of about 1 kBq/kg soil (note: as this figure was published without indications of the
depth/dimensions of the soil sample taken, it only qualitatively indicates the presence of
strontium).
Ruthenium is special in that it has a very high elemental boiling point (2700oC),
which would in practically any conceivable incident scenario prevent it from being
volatilized and depleted from fuel material. However, if oxygen is present, it can be ox-
idized to its tetraoxide form, which is highly volatile (Kashparov et al. 1996, Hunt et al.
1991). From the Chernobyl accident, ruthenium radionuclides were in great amounts
dispersed as condensation particles. This would be expected to have occurred in con-
nection with the fire that followed the explosion. In fact, more ruthenium than cesium
was released in connection with the Chernobyl accident (IAEA 1991), and this had a
considerable impact on doses over the first few years (106Ru has a half-life of very close
to 1 year). The explanation offered by Le Petit et al. (2014) as to why only small amounts
of ruthenium were measured in the environment after the Fukushima accident was that
it seems that the fuel remained under water in the spent fuel pools (thus no air ingress).
Instead the low volatility of ruthenium is reported to be consistent with overheating and
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fuel melting of reactor cores. Oxidation could in reality occur in all accident scenarios
currently represented in RODOS Andersson (2016). However, since this is a critical
parameter, and oxidation obviously may not always be expected, it would be useful to
run the DSS with different assumptions in this respect, both for training purposes and
for early prognostic runs, when actual scenario specific processes have not yet been
disclosed through measurements. It is well known that ruthenium in irradiated UO2
fuel appears in small metallic alloy precipitations together with other fission product
elements such as molybdenum, technetium, rhodium, and palladium (Ver et al. 2007).
Such precipitations are in metallographic images seen as generally spherical white in-
clusions.
It is difficult to predict the physicochemical forms that would arise in any future
nuclear power plant accidents, as these would be largely dependent on the exact inven-
tory and accident processes at the NPP. Although for example the international Phebus
Fission Product Programme (Gonfiotti & Paci 2018) shed some new light on possible re-
leases in different NPP accident processes, the results reflect specific conditions and do
not provide the range of details needed in operational nuclear preparedness for a specific
NPP construction. However, perhaps in the future, results of such investigations could
be used together with for example the Rapid Source Term Prediction (RASTEP) system
(Knochenhauer et al. 2013), focusing on estimating the state of the specific NPP at the
time of the accident using a Bayesian belief network to provide a probabilistic overview
of possible accident states. By estimating the processes at the NPP, also the physico-
chemical forms of the various potentially released contaminants could be estimated. In
a recent publication Sørensen et al. (2018) comment on the requirements to do this.
4.1.1 Distribution of contaminants for dry deposition
It is important to note that the background data for the derived deposition parameter
values given in Table 4.1 may possibly not reflect the full range of possible parametric
variation, as they are generally taken from a limited number of actual sets of environ-
mental observations of deposition velocity of elemental iodine and relevant aerosols
with different AMADs on different surfaces in connection with the Chernobyl accident,
the Fukushima accident and various experimentation (Atkins et al. 1967, Belot 1977,
Bonka 1989, Bonka & Horn 1980, Chamberlain 1953, 1967, Clough 1975, Collins et al.
2004, Freer-Smith et al. 2004, Garland 2001, Horn et al. 1988, Jonas 1984, Jonas & Vogt
1982, Kashparov et al. 2000, Lai & Nazaroff 2005, Little 1977, McMahon & Denison
1979, Mück et al. 2002, Nicholson 1988, Nicholson & Watterson 1992, Petroff 2005,
Roed 1985, 1987a, 1988, 1990, Schwartz 1986, Sehmel 1973, Tschiersch & Georgi
1987, Vargas et al. 2016, Watterson & Nicholson 1996). However, these relations be-
tween deposition on different surfaces in the same scenario are obviously associated with
comparatively much less variation than would relations between deposition velocities in
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general to these surfaces. For example, deposition velocity depends on atmospheric sta-
bility. It has been demonstrated that under moderately stable atmospheric conditions
(e.g., night time with clear sky), the friction velocity will only be about half of its value
under neutral conditions (Jensen 1981). This in turn means that the eddy diffusion part
of the deposition velocity will be reduced to about a quarter (IAEA 1994).
Also wind velocity can greatly influence deposition velocity. It has been demon-
strated (Ahmed 1979) that between wind velocities of 2 and 14 m s-1, the deposition
velocity of naturally occurring radioactive aerosols increases by about a factor of 3, both
to smooth (e.g., filter paper) and rough (grass) surfaces. It has also been shown (Freer-
Smith et al. 2004, Slinn 1982) that deposition velocities of ca. 0.8 μm particles to trees
can increase by a factor of 3-4 between wind velocities of 3-9 m s-1. Even at moderate
wind velocities (<5 m s-1), the deposition of particles on walls facing the wind direc-
tion can be several times higher than that on leeside walls, for particles of sizes between
about 10-2 and 20 μm (Freer-Smith et al. 2004). As the particle size increases beyond
about 20 μm, the influence of wind speed on deposition increases markedly, due to the
significance of the inertial impaction mechanism (Ahmadi & Li 2000). However, such
large particles will in any case only remain airborne for short time, due to their large
mass, and radionuclides associated with these would thus only contaminate rather small
areas, depending on, e.g., the initial plume rise height (Hage 1961).
Finally, surface roughness is an important parameter. An indication of this influence
can be seen from measurements made in the Roskilde area after the Chernobyl accident.
Here deposition velocities to grassed surfaces varied rather widely (Roed 1990) between
1.8 and 8.8 m s-1. However, if the length of the grass is taken into account (by divid-
ing with the grass mass per unit area), the results are consistent within 10 %. It should
therefore be noted that grassed areas in inhabited environments must be well-defined
with respect to roughness (grass length). Differences of up to about a factor of 2 have
been recorded (Lai & Nazaroff 2005) for deposition velocities of 0.9-9.1 μm particles to
vertical sandpaper surfaces, ranging from Sand 60 to Sand 220. As shown in Table 4.1,
dry deposition will vary to roof pavings of different materials having different roughness.
Deposition to coniferous trees and deciduous trees in leaf would according to avail-
able literature be similar Jonas (1984). However, during the winter period where de-
ciduous trees are leafless, the deposition to these would be very low. According to
measurements made after the Chernobyl accident Roed (1988), the needles or leaves
receive some 98 % of the bulk 0.7 μm aerosol deposition on a tree. However, relatively
not quite insignificant deposition velocities of trace particles have been reported to bare
trees in forests (Höfken et al. 1981) (ca. 10-30 % of that to the same trees in leaf). This
is explained by a higher wind speed in a forest with bare trees, but this effect would not
be expected to be relevant for single trees in an inhabited area (Jonas 1984). Only trees
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Table 4.1: Values for deposition to different surfaces relative to that on the grassed
reference surface, for situations when dry deposition dominates. The term ‘sd’ denotes
one standard deviation. All distributions are assumed to be normal. Values are given for
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in leaf are thus considered in the table. In the period where they are not in leaf, the depo-
sition to these surfaces may be assumed to be comparatively negligible. Unfortunately,
no measurements of deposition velocities on surfaces in inhabited areas were reported
after the Fukushima accident.
In the ERMIN model deposition on different surfaces in the inhabited environment
is dealt with relatively to the deposition to a defined reference surface - in this case a
newly shortcut lawn was selected (here a quick measurement the relationship between
deposition on the grass and the underlying soil can also give a useful indication of the
local extent of dry and wet deposition). In ARGOS and RODOS, the deposition process
to the reference surface is dealt with in the applied atmospheric dispersion model tool,
and not in ERMIN. ERMIN has been designed on the background of the Chernobyl and
Fukushima experience to hold information for elemental iodine gas and for aerosols in
four characteristic groups with different size ranges (AMAD less than 2 μm, 2 - 5 μm, 5
- 10 μm and 10 - 20 μm). The initial surface contamination relations within each group
are all assumed to be representable by normal distributions. Typically reported values of
the dry deposition velocity in units of 10-4 m s-1 to the reference surface are for these
contaminant groups respectively of the order of 20, 4, 7, 30 and 130 (see references
above), but case-specific factorial dependencies and thus overall uncertainties are large
as explained above.
4.1.2 Distribution of contaminants for wet deposition
Table 4.2 shows estimates of the relative wet depositions to the different surfaces for
each type of contaminant (again, the modeling of deposition to the shortcut grassed
reference surface is in ARGOS and RODOS included in the atmospheric dispersion es-
timation tool). Also shown in this table is the fraction of the deposition to each surface
which is practically instantaneously carried away, e.g., to sewers, with run-off water.
Even during periods of strong rain, deposition to surfaces occurs through a combination
of wet and dry deposition. However, unless the rain is extremely light or brief during
such a phase or only leads to slight contaminant scavenging from the plume (not as-
sumed for this deposition weather category), wet deposition will clearly be the dominant
contamination process. Dry deposition contributions can thus be assumed to be neg-
ligible for the deposition weather category covered in this section. The initial run-off
of contaminants in rainwater during the wet deposition process may depend on the sur-
face roughness/permeability/porosity and rainfall intensity immediately before as well
as during the wet deposition episode (Bonka & Horn 1980, Karlberg 1986, Sartor et al.
1974, Shaw et al. 2006). Further, the surface material type has been reported to be able
to influence run-off through pH (Göbel et al. 2007).
On roofs compared with the grassed reference surface, the rain intensity incident per
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Table 4.2: Values for initial deposition to different surfaces relative to that on the grassed
reference surface, for situations when wet deposition dominates. The term ‘sd’ denotes
one standard deviation. Also given are the fractions of the contaminants that immedi-
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unit roof area will be less by cos(v), where v is the roof angle. It is assumed that common
roofs have a slope of between 0 and 45 degrees. The initial retention after wet deposi-
tion of a range of Chernobyl contaminants (134Cs, 137Cs, 103Ru, 106Ru, 140La and 140Ba)
with different physicochemical characteristics was recorded on different types of roof
pavements with different slopes in Denmark following the Chernobyl accident (Roed
1987a). Cesium, which is in cationic form retained selectively and strongly in many
building materials (Andersson 2009a), seems to be somewhat more efficiently retained
on the roof than other contaminants. In general, the initial retention after the deposition
process varies greatly with the roof material. For a range of materials and radionuclides,
in the region of one-sixth to half of the contaminants were instantaneously removed with
the run-off rain water. The exception from this was silicon-treated very smooth roofs
with extremely low open porosity, where the run-off percentage was as high as 70-80
%. The main cause of variation here was by far the roof material and not the roof angle
nor the radionuclide. Corresponding measurements made in Germany and the United
Kingdom of wet-deposited Chernobyl radiocesium on clay and concrete roofs showed
similar values (Roed & Jacob 1991, Sandalls & Gaudern 1988). It should be noted that
contaminant run-off in rainwater is likely to be more dominant when the roof pores are
already filled by rain than when contaminated rain falls on a dry roof (Roed 1987a).
Ritchie et al. (1978) found that run-off from artificial surfaces in an urban area (e.g.,
roofs) would be virtually 100 % for all rainfall above an initially accumulated 3 mm,
and if there has been rain within the previous hour the run-off will occur sooner.
Wet contamination levels on walls would in general be expected to be low, but as-
sociated with some variation according to factors such as the wind speed and direction
during the contaminating process. In the Gävle area, which was wet-contaminated by
the Chernobyl accident, a cesium contamination level on walls of slightly less than 1
% relative to the reference surface was recorded in 1988 (Andersson 1991). Figures re-
ported by Roed & Jacob (1991) for the same location were by mistake somewhat higher
(up to 3 %), as the contamination estimate for the grassed reference surface originated
from a direct measurement, not allowing for contaminant penetration.
Only a couple of weeks after the Chernobyl accident, the initial retention on street
pavings of wet deposited contaminants was measured in Sweden (Karlberg 1986, 1992).
It was found that at this point, some 40-70 % of the radiocesium incident on asphalt
and differently textured concrete street pavings had been removed, most likely to a very
high extent already during the deposition phase, with the run-off water. Somewhat less
had been removed from rough concrete paving slabs. Similar figures were found for the
more refractory 140Ba and 110mAg that were according to Rulik et al. (1989) associated
with particles with a size of several microns after Chernobyl, indicating that particle size
within the range of interest has little influence on the fraction of contamination lost with
run-off water. Also Jacob et al. (1987) reported results of measurements of wet deposi-
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tion of Chernobyl cesium, on different urban pavings in Germany. After 32 days, 28-32
% of the cesium remained on concrete pavings, and 36 % in an asphalted parking lot. A
measurement after 40 days in an asphalted square showed 32 % retention. In a different
area, the retention on concrete pavings after 160 days was found to be 33 %. By extrap-
olation from the curves obtained for the different locations, it could be estimated that the
initial retention was in the German region of 35-50 %.
Experience with non-radioactive pollutants demonstrates that rain often leaves com-
paratively little contamination on vegetation (Gravenhorst & Höfken 1982). The deposi-
tion before run-off for trees is interpreted as the deposition per unit ground area covered
by the tree. Contaminants in the precipitation above the tree canopy will either be in-
tercepted by the tree, lost by throughfall (falling directly through leaf gaps or dripping
from leaves, needles, twigs and branches), or lost by stemflow (flow down stems or
boles). It has been reported (Alexander & Cresser 1995) that both for birch trees (Betula
pubescens) and pine trees (Pinus sylvestris L.) the throughfall precipitation fraction is
some 80 % of the incident precipitation. This is an average figure for a two-year study
in the English Midlands, in an area with an annual precipitation of 930 mm. The inter-
ception was greatest for the pine tree during summer. This is in agreement with findings
of other workers of 80-90 % throughfall and 2-5 % stemflow (Carlyle-Moses 2004, Kry-
shev 1996, Neal et al. 1993, Pryor & Barthelmie 2005). However, contaminants do not
follow the water fractions evenly. Ronneau et al. (1987) reported that for Belgian spruce
contaminated by a 7.4 mm rainfall episode after the Chernobyl accident significantly less
ruthenium and lanthanum than cesium was intercepted. The explanation offered was bi-
ological absorption, e.g., by cesium exchange with potassium. It is also known that the
rate of penetration of cations through the cuticle of vegetation is inversely related to the
radius of the ion, and thus strongly favors cesium (Carini & Bengtsson 2001). Similar
figures have been reported by other workers for cesium on spruce, whereas deciduous
trees have somewhat lower cesium interception (Schell et al. 1996). Schimmack et al.
(1991) have reported a cesium interception fraction of 20 % for beech trees. Deciduous
trees would in winter conditions be expected to intercept considerably less than indicated
by the numbers in Table 4.2. A rain interception fraction for a leafless pear tree has been
reported, which was about half of that of an evergreen oak (Xiao et al. 2000). The same
workers stress that interception fractions vary significantly dependent on factors like the
structure of the tree and amount of rainfall.
Small plants would in general in the context interception be expected to be well rep-
resented by agricultural crops, due to sizes, shapes and textures. It has been reported
that interception fractions will depend on the amount of rainfall, and plant type, as well
as the stage of plant development (Müller & Pröhl 1993). It would seem that a likely in-
terception range relevant to urban small plants would be 10-30 % for most radionuclides
(IAEA 1994, Schell et al. 1996). This would correspond to assuming a leaf area index
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value of about 5; retention coefficient of 0.2-0.3 mm, and rainfall of 4-10 mm (Müller
& Pröhl 1993). The leaf area index is the total one-sided leaf canopy area per projected
area ground covered by the plant.
For relatively short urban grass, the leaf area index would be of the order of 1-3
Kammann et al. (2005), Müller & Pröhl (1993), Rodriguez et al. (1999), and the retention
coefficient would be 0.2 for most radionuclides (Müller & Pröhl 1993). With the same
assumptions as for small plants regarding rainfall, this would give the retention/run-off
expressed by the values in Table 4.2 (Müller & Pröhl 1993).
4.1.3 Distribution of contaminants for equal amounts of wet and
dry deposition
ERMIN also operates with a case, where contributions of wet and dry deposition are of
approximately the same magnitude. Since precipitation is very effective in washing out
contaminants from a plume, this case would be associated with very little rain, and com-
paratively rather little contamination would be removed with the run-off water during
the deposition process. This is for instance clear from investigations in areas in Russia,
which received some rain as the contaminated plume carrying primarily cesium conden-
sation particles passed from Chernobyl. Here, dry deposition rarely contributed more
than one or two percent to the total deposition on the reference surface (Andersson et al.
2002). It would thus in most cases only take very little precipitation during the plume
passage to make wet deposition the dominant mechanism of contamination. Table 4.3
shows estimates of the relative depositions to the different surfaces for each type of con-
taminant assuming that half of the deposition is wet and the other dry (simple averaging
with parameters described above). Also the fractions of the deposit removed by run-off
water during the contamination process are estimated on the basis of the same literature
as used for the wet deposition mode, but assuming very little water. The rainfall rate is
here assumed to be well below 1 mm per hour. Experimental and theoretical work has
demonstrated that at low precipitation values (< ca. 0.5 mm), the majority of a contam-
ination deposited in solution on a grassed area will remain on the grass (Bonka & Horn
1980).
Other modes of deposition (e.g., deposition in fog, deposition in snow and deposi-
tion to snow covered landscape) still remain to be implemented in the ERMIN model,
although some parametric reviews have been conducted.
4.1.4 Application on a semidetached house
As pointed out in the introduction of this chapter the initial relative kerma contributions
to persons staying in given types of inhabited areas caused by different contaminated
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Table 4.3: Values for initial deposition of different contaminant groups to different sur-
faces relative to that on the grassed reference surface, for situations when wet and dry
deposition are about equal in magnitude. The term ‘sd’ denotes one standard deviation.
All distributions are assumed to be normal. Also given are the fractions of the contami-













































































































































































































































































































































































































































































































































































































































































































Chapter 4. Physicochemical properties of contaminants
surfaces can be determined by multiplying kerma conversion factors with initial relative
contamination levels. As an example, this was performed for a semidetached house as it
is described in Section 2.2. This type of urban environment with neighboring buildings
was useful for demonstration as all possibly kerma contributing surfaces are included
in this scenario. Furthermore, 0.662 MeV was chosen as an example source energy
representing the contamination of 137Cs as it has been of main concern in connection
with the Chernobyl and Fukushima incidents (Imanaka et al. 2015). Thus, the employed
kerma conversion factors are those given in Table 2.7 and were multiplied by the initial
contamination level for all deposition scenarios and particle characteristics given in Ta-
bles 4.1 to 4.3 mentioning that the respective value for the roof is based on averaging
over all roof materials. The results are presented in diagrams for the different parts of the
semidetached house assuming once the ground to be paved (Figure 4.1) and once to be
grassed (Figure 4.2), but it has to be mentioned that some of the particle characteristics
occur less likely as e.g. in Section 4.1 was mentioned that the cesium aerosol measured
after the Fukushima accident was generally submicron.
The results show that particles of AMAD >2 μm would cause the highest kerma to a
person inside a semidetached house in relation to contamination level, especially those
of AMAD 2−5 μm. Looking at contributing surfaces the bars show that apart from the
ground floor the kerma inside a semidetached house would be caused almost exclusively
by deposited particles on the roof. Therefore, only by looking at the ground floor a
difference between paved and grassed ground can be seen as fewer particles deposit on
paved areas than on grassed areas.
4.2 Post-deposition contaminant mobility on outdoor sur-
faces
As described in Section 4.1, experience from Chernobyl and Fukushima has shown that
a large nuclear power plant accident can lead to airborne releases of a wide range of ra-
dionuclides with different physicochemical forms (more or less reactive gases, aerosols
of different sizes and with different features with respect to environmental mobility). In
general, it is for the purpose of modeling post-deposition migration processes impor-
tant to distinguish between elemental iodine, which may deposit in large amounts, but
will in general be rapidly removed by natural processes (precipitation) on impermeable
surfaces (Roed 1987b), and deposited contaminant particles with different characteris-
tics. Radioiodine dose rate contributions may be high in an early phase, but due to the
short physical half-life of the most abundant iodine isotopes in a nuclear power reactor,
radioiodine would not be likely to have important influence on external doses in later
(recovery) time phases, particularly if also other radionuclides than iodine and noble
gases (notably cesium isotopes) are released.
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Figure 4.1: Initial air kerma after deposition in parts of a semidetached house distributed
on different source areas in an urban environment with a paved ground, neighboring
buildings and trees for different deposition scenarios. Bars 1− 4 represent dry, bars
5−7 wet and bars 8−19 an equal amount of dry and wet deposition. Different particle
sizes with AMADs of <2 μm in bars 1 and 8− 10, for 2− 5 μm in bars 2 and 11− 13,
for 5−10 μm in bars 3 and 14−16 and for 10−20 μm in bars 4 and 17−19. The first
run–off of rain water is represented in bars 6, 9, 12, 15, 18 for cesium cations and in
bars 7, 10, 13, 16, 19 low solubility particles. The results are given in pGy per emitted
photon of 0.662 MeV on a grassed reference surface of 1 mm2.
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Figure 4.2: Initial air kerma after deposition in parts of a semidetached house distributed
on different source areas in an urban environment with a grassed ground, neighboring
buildings and trees for different deposition scenarios. Bars 1−4 represent dry, bars 5−7
wet and bars 8−19 an equal amount of dry and wet deposition. Different particle sizes
with AMADs of <2 μm in bars 1 and 8− 10, for 2− 5 μm in bars 2 and 11− 13, for
5− 10 μm in bars 3 and 14− 16 and for 10− 20 μm in bars 4 and 17− 19. The first
run–off of rain water is represented in bars 6, 9, 12, 15, 18 for cesium cations and in
bars 7, 10, 13, 16, 19 low solubility particles. The results are given in pGy per emitted
photon of 0.662 MeV on a grassed reference surface of 1 mm2.
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If we, as argued in Section 4.1, concentrate on those particles that have a size that
allows them to follow air streams over longer distances, these may be split into four dif-
ferent categories or model ‘bins’ (the general approach adopted in the ERMIN model).
This includes a group of particles ranging in size between 0 and 2 μm, which is partic-
ularly representative of condensation mode contamination attached to ambient particles
(Andersson 2009a). As mentioned in Section 4.1 these typically had a radius of the order
of half a micron in the Chernobyl and Fukushima cases. The contaminants associated
with condensation mode particles are assumed to be rather readily soluble and would
thus rapidly be on ionic form after deposition in the outdoor environment, as frequently
reported after the Chernobyl accident (Andersson 2009a, Roed 1987b). Nevertheless, to
illustrate the complexity of these issues, it should be mentioned that in an area very far
from the release point from the Chernobyl accident, some low solubility cesium particles
of this size range have been found, and increasing soil to milk contaminant transfer fac-
tors in that area over the first two years after the accident suggested that natural particle
dissolution in the environment took considerable time (Hansen & Hove 1991). However,
focusing on external dose, contaminants embedded in low solubility particles would in
general be expected to be more rapidly weathered away from an impermeable surface
than cesium on cationic form (Andersson 2009a). Therefore, modeling post-deposition
mobility of such small low solubility particles in the same way as cationic cesium, which
will be very strongly fixed in upper layers of many types of urban surface, may make the
dose contribution estimates somewhat conservative.
Radiocesium has a particularly great importance in modeling external doses after nu-
clear power plant accidents, as it will evaporate at comparatively low temperatures, and
thus be likely to be released in great quantities from large accidents. At the same time,
the decays of the key isotopes of concern in this context, 134Cs and 137Cs, lead to emis-
sion of gamma photons with quite high energy and photon yield, particularly 137Cs has a
long physical half-life of ca. 30 years and the cesium cation has a rare marked tendency
to be fixed in a range of minerals and also to be retained in the upper soil layers (An-
dersson 2009a). External dose rate contributions from cesium thus only slowly decline
through natural processes, and would be of major concern in recovery (late phase) deci-
sions for management of contaminated inhabited areas, as seen after both the Fukushima
and Chernobyl accidents.
There is currently insufficient data available to enable specific detailed modeling of
the retention of other radionuclides on ionic form on urban surfaces. However, high spe-
cific binding strength of cesium compared with any other potentially relevant ions has
also been reported in laboratory studies of many urban construction materials (De Preter
1990). Further, it has been demonstrated in field studies after the Chernobyl accident
that the retention of cationic cesium in a variety of construction materials is consid-
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erably greater than that of, e.g., ruthenium (Roed 1987b), which was released in even
greater quantity from the Chernobyl accident than was cesium (IAEA 1991), but where
the relevant isotopes, 103Ru and 106Ru are considerably more short-lived (physical half-
lives of respectively 39.5 d and 1.0 y). Strontium deposited in water solution has for
example been found to weather off a clay roof with a half-life of only ca. 2.5 months
(Brown et al. 2016), whereas most of the cesium deposited in solution on a clay roof
would remain over decades (Andersson 2009a). Thus modeling retention of all ionic
contaminants using parameters derived for cesium would be expected to make the dose
estimates somewhat conservative.
Larger low solubility particles will generally be expected to be removed from im-
permeable surfaces at a much faster rate than cationic cesium (Andersson 2009a). The
main mechanisms driving the ‘natural’ removal of all contaminants are in general pre-
cipitation and anthopogenic impact such as traffic and routine cleaning (Wilkins 1987,
Andersson 2009a). Although time, rain intensity and rain frequency all have importance
(Madoz-Escande et al. 2004, 2005), data is not available to allow quantitative modeling
according to these factors, and in any case, weather predictions over long time periods
would be too uncertain to make use of such data. Therefore empirical formulae based
on typical observations of the overall natural weathering process are used in the ERMIN
model. The following sections report on the newest version of weathering parameter
formulae and datasets, which have been derived for use in ERMIN. In the event of a new
contaminating incident, case specific parameter studies should be made to continuously
further improve and target model parameters. Also, an investigation of aerosol charac-
teristics (including solubility) should be made so that the user could for the purpose of
long-term dose prediction target the model assumptions for different aerosol groups to
the specific case.
4.2.1 Contaminant mobility from paved areas
For modeling the mobility of contaminants on paved areas, such as streets and walk-
ways, the primary dataset of interest reflects the results of in situ measurements on such
surfaces of radiocesium in the town of Gävle, Sweden, which received one of the high-
est levels of contamination outside the former Soviet Union from the Chernobyl accident
(Andersson 2009a). These measurements were made with collimated germanium detec-
tors over a period stretching from the first week after the accident to more than ten years
later (Karlberg 1988, Andersson 1991, Andersson et al. 2002).
The weathering process has generally been found to be rapid on such surfaces, al-
though a bit of variation has been observed due to differences in traffic intensity, and
also precipitation rates and routine street cleaning would play a role. Experiments have
shown that there are no strong binding mechanisms of cationic cesium in asphalt bitumen
64
4.2. Post-deposition contaminant mobility on outdoor surfaces
(Andersson 1991), as there are in for example soil or common roof tiles. It has also been
demonstrated that the downward penetration of cesium into an asphalted road surface
can over a 2-year weathering period be expected to be less than one millimeter (An-
dersson 1991). Although the cesium may be selectively bound to street dust (De Preter
1990), this does not slow down the removal rate, as the street dust is not strongly at-
tached to the road surface (Andersson 1991).
As there does not appear to be significant contaminant ion specific fixation mech-
anisms at play on these surfaces, the results recorded for cationic cesium should apply
also to other contaminant ions. This agrees with the results of (Warming 1982, 1984)
in a tracer experiment where 86Rb, 103Ru and 140Ba were sprayed onto asphalt and con-
crete pavements in a solution, and a very large part of all tracers could be removed by
simple firehosing some days later.
The empirical weathering formula that was derived from the measurement time se-
ries recorded in Gävle was found to be generally consistent with information from in situ
measurements over shorter periods of time of Chernobyl cesium weathering in Bavaria
(Jacob et al. 1987). This formula is used in ERMIN for all contaminants deposited in
more or less readily soluble form:
C(t)=C0 ·exp(− ln(2) ·t/T1/2) ·( f1 ·exp(− ln(2) ·t/Tw1)+ f2 ·exp(− ln2 ·t/Tw2)) (4.1)
where C(t) is the contaminant concentration at time t, C0 is the initial contaminant
concentration after the deposition process, T1/2 is the physical half-life of the radionu-
clide, f1 is the fraction (on average ca. 0.7 on streets; estimated standard deviation 0.2)
of the contamination removed with a short half-life of Tw1 (ca. 120 days on streets; esti-
mated standard deviation 40 days), and f 2 is the fraction (1− f1) of the contamination
removed with a longer half-life of Tw2 (on average ca. 3 years on streets; estimated stan-
dard deviation 1 year). The weathering process may take considerably longer, if there is
very little human activity in the area, as recorded in areas deserted after the Chernobyl
accident (Andersson 2009a).
The case is different if low solubility fuel particles are at play. Sartor et al. (1974)
found experimentally that removal of contaminants in particle form from impermeable
road surfaces was largely independent of particle size, when the particles were larger
than about 10 μm. Smaller particles are however increasingly difficult to remove, as
they can enter cavities in structures, and be less prone to weathering. According to
aerosol spectra recorded after the Chernobyl accident, 140La and 140Ba were represen-
tatives of the more refractory element radionuclides released (in fuel particles), having
a contaminant AMAD (activity median aerodynamic diameter) of several microns (typ-
ically 2-5) even in the most remote areas to which dispersion was recorded (Rulik et al.
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1989, Nair & Darley 1986). This indicates that fuel particles may be expected to be
supermicroneous, in-line with findings from explosions impacting on materials that do
not undergo phase transition during the explosion (Andersson et al. 2008). This would
also be expected to have been the case in Denmark, where 140La and 140Ba contami-
nants were recorded to have different characteristics with respect to surface weathering,
than did for instance the radiocesium isotopes that predominantly deposited in readily
soluble submicron particle form. Over the first 22 days that followed the initial contam-
ination deposition in Roskilde, Denmark, from the Chernobyl accident, some 22 % of
the lanthanum and barium was washed off concrete surfaces through natural processes
(Roed 1987b, 1990). This corresponds to a weathering half-life of about 60 days. It is
likely that routine street cleaning would speed up this process further, so that the value
of Tw3 of 60 days (with an estimated standard deviation of 20 days) may be seen as a
conservative estimate for dose estimation from particles in the 2-5 μm range.
On the basis of experimental investigations of attachment of particles of different
sizes to street surfaces (Sartor & Gaboury 1984, Sartor et al. 1974, Bender & Terstriep
1984, Owen et al. 1960, Terstriep et al. 1982), it would be expected that particles in the
5-10 μm range (and thus according to Sartor et al. (1974), also likely the particles in the
10-20 μm range) would have a half-life, Tw3, of the order of 30 days (standard devia-
tion estimated to 15 days). The environmental dissolution timespans in soils reported by
Kashparov et al. (2004) are long compared with the time constants determining natural
removal of deposited fuel particles, and may thus be ignored in this context.
The general formula for contaminants deposited in fuel particle form becomes:
C(t) =C0 · exp(− ln(2) · t/T1/2) · exp(− ln(2) · t/Tw3) (4.2)
4.2.2 Contaminant mobility from roofs
Measurement series performed in Denmark over a period of nearly 15 years after the
Chernobyl accident of the level of radiocesium contamination level on a range of com-
mon roof materials (concrete, slate, clay tile) showed that whereas the initial retention
on the roof of contaminants after a wet deposition process varies considerably between
roofing materials (see Section 4.1.2), the subsequent long-term weathering rates were
after the Chernobyl accident found to vary rather little between the examined range of
materials (Andersson 2009a). A shorter time-series of measurements made on German
roofs (Roed & Jacob 1991) support the general validity of these findings, although only
done for concrete and clay tile roofs. Common to these materials is that they generally
contain minerals, which selectively and strongly fix and retain cesium cations (De Preter
1990, Andersson 1991). Other radionuclide ions would be expected to be less strongly
held (Andersson 2009a, Brown et al. 2016), although it has been demonstrated that
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ruthenium in representative ionic forms is not very easily removed from a roof clay or
concrete tile surface (Andersson 1991). ERMIN uses weathering data based on the Cher-
nobyl time series cesium measurements (Andersson 2009a) for all radionuclides in ionic
form for these types of roof materials. This may lead to conservative estimates of long
term doses for other radionuclides, which are in reality weathered off faster. However,
the physical half-lives of other radionuclides that would on the basis of past experience
be expected to be potentially released in relatively large amounts and could impinge on
external dose (see part 1 of the paper) are considerably shorter than that of 137Cs, and
cesium is among the more volatile elements with generally comparatively high release
probability.
The empirical formula thus applied in ERMIN for all contaminant ions deposited in
more or less readily soluble form on many types of roofs (clay, concrete, slate) is:
C(t)=C0 ·exp(− ln(2) ·t/T1/2) ·( f1 ·exp(− ln2 ·t/Tw1)+ f2 ·exp(− ln(2) ·t/Tw2)) (4.3)
where C(t) is the contaminant concentration at time t, C0 is the initial contaminant
concentration after the deposition process, T1/2 is the physical half-life of the radionu-
clide, f1 is the fraction (on average ca. 0.5 on these roof types; estimated standard
deviation 0.1) of the contamination removed with a short half-life of Tw1 (ca. 730 days;
estimated standard deviation 85 days), and f2 is the fraction (1− f1) of the contamination
removed with a longer half-life of Tw2 (on average ca. 35 years; estimated standard devi-
ation 7 years). Also sandstone roof tiles contain intact micaceous substances (De Preter
1990), and would be expected to retain cesium in the same way.
The exception regarding radionuclide ions concerns very smooth (non-porous) sur-
faces, where experimentation suggests that the weathering of cationic cesium (and very
likely also other ions) on a glass roof would occur with a half-life of the order of 95 days
(Brown et al. 2016), and investigations from the European ECP-4 project (Mamaev et al.
1993) suggest a similar value for smooth (uncorroded) metal roof covers.
Regarding low solubility particle contamination, these types of surfaces would not
constitute an environment that could over a reasonable time (compared with weathering
half-lives) lead to very much fuel particle dissolution (Kashparov et al. 2004). For the
parameterization time series data exists for Chernobyl lanthanum and barium, associ-
ated with 2-5 μm particles, as measured on roof pavings (concrete, slate, clay tile) in
Denmark. These contaminants were found to be weathered off the surface much more
rapidly than cesium (Roed 1987b). A reasonable weathering half-life, Tw3, would on the
basis of that data seem to be of the order of 100 days. A probably dose conservative es-
timate of the weathering half-life for 5-10 μm (and larger) particles would judging from
the data for paved horizontal surfaces be expected to be of the order of 60 days.
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The general formula for contaminants deposited in fuel particle form becomes:
C(t) =C0 · exp(− ln(2) · t/T1/2) · exp(− ln(2) · t/Tw3) (4.4)
4.2.3 Contaminant mobility from outer walls
For weathering of contamination on outdoor walls, generally very sparse information
is available, primarily from measurements over time in Gävle (Andersson et al. 2002).
It is clear that the weathering function on walls is not subject to strong fixation mech-
anisms, as construction bricks used for building walls are typically fired at such high
temperatures that no specific strong ionic fixation sites remain (Andersson 2009a), and
no significant difference was recorded in Gävle between plastered walls and clay brick
walls (Andersson et al. 2002). The slow removal is largely due to wind abrasion and
any horizontal precipitation components. It can not be ruled out that larger particles may
be more prone to wind-driven abrasion than small ones, which might be more protected
in material cavities of suitable sizes, but the required data is not available to allow dis-
tinguishing on this parameter. Again a dose conservative approach is used, assuming
that the larger particle contamination is weathered off walls at the same rate as is small
particle contamination.
The generally assumed formula for contaminants deposited walls is (Andersson et al.
2002):
C(t) =C0 · exp(− ln(2) · t/T1/2) · exp(− ln(2) · t/Tw1) (4.5)
where C(t) is the contaminant concentration at time t, C0 is the initial contaminant
concentration after the deposition process, T1/2 is the physical half-life of the radionu-
clide, and Tw1 is the weathering half-life of ca. 7 years (estimated standard deviation 2
years).
4.2.4 Contaminant mobility from grass and small plants
A large number of workers have over the years estimated the weathering half-life of
contaminants on grass and small plants according to experimentation, as such data is
needed in traditional radioecology studies. The majority of experiments were carried
out prior to the Chernobyl accident, but also some later studies have been made (Martin
1963, Cline et al. 1965, Milbourn & Taylor 1965, Heinemann & Vogt 1980, Kirchmann
et al. 1966, Chadwick & Chamberlain 1970, Krieger & Burmann 1969, Aarkrog et al.
1988, BIOMOVS 1991, Mück et al. 1994, Eriksson & Rosén 1998, IAEA 2009). There
is no clear trend from this data with respect to dependence on physicochemical charac-
teristics, where these have been specified, and it is thus assumed in the modeling that
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all the contaminant material is washed off vegetation at the same rate. Based on the
above references, the default value in the ERMIN model of the natural weathering half-
life of contaminants from grass is Tw = 16 days (with a standard deviation of 7 days).
This value is somewhat shorter than the value of 25 days that has been recommended by
Müller & Pröhl (1993) for the purpose of the ECOSYS ingestion dose model. However,
the 25 days correspond to the results of a field study where the field was completely
protected against rain (Krieger & Burmann 1969). It should be noted that in case of
prolonged rain, the natural weathering half-life may be shortened considerably (Madoz-
Escande et al. 2004, 2005, Madoz-Escande & Santucci 2005). On small plants, a similar
typical value of Tw = 12 days (estimated standard deviation of 5 days) was derived from
the same literature.
The formula applied in ERMIN to describe the concentration of contaminants on
these surfaces at any time t is of the form
C(t) =C0 · exp(− ln(2) · t/T1/2) · exp(− ln(2) · t/Tw) (4.6)
where C(t) is the contaminant concentration at time t, C0 is the initial contaminant
concentration after the deposition process, T1/2 is the physical half-life of the radionu-
clide, and Tw is the weathering half-life.
4.2.5 Contaminant mobility from trees and shrubs
Nearly half of the contamination on trees or shrubs will according to literature generally
be removed with a short half-life, of about 30 days with a standard deviation of about
2 weeks (Mamikhin & Klyashtorin 2000, Nygren et al. 1994, Roed 1988). It would
seem reasonable to assume that the mechanism largely responsible for this transfer is
the first heavy rainshowers (Roed 1988). A small part of the order of 4 % (estimated
standard deviation of 4 %) is assumed to remain on the tree/shrub largely until it is
felled (Mamikhin & Klyashtorin 2000, Roed 1988), and the rest is assumed to have a
weathering half-life of some 1.7 years, with an estimated standard deviation of about 1
year (Mamikhin & Klyashtorin 2000, Linkov et al. 1997). There may possibly be some
species of trees for which this is not quite true, but the data available is sparse. On top of
this, for coniferous trees, the shedding of needles will occur continuously with a half-life
that depends on the exact species and climate, but can be assumed to be of the order of
4 years, with a standard deviation of about 2 years (Laboratory 2018). For deciduous
trees/shrubs (in leaf at deposition), it is assumed that they shed their leaves during the
first autumn, where nearly all the contamination is on the leaves (Roed 1988). The time
may here be assumed to vary rather homogeneously within about 8 weeks of the autumn.
It should be noted that the above parameter values were based almost exclusively
on data for deposited soluble radiocesium aerosols, and only Roed (1988)reported di-
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rectly applicable information for garden trees. The mechanisms and/or rates of loss may
well be different in forests. However, the values for cesium fit reasonably with results
obtained after artificial contamination of respectively pine and birch forest tree crowns
with 90Sr in soluble form (Alexakhin & Naryshkin 1977). It is assumed that all contami-
nants behave in this way on trees and shrubs. No data is available for large low solubility
contaminant particles, but these would be assumed to be removed somewhat more easily
from the trees by precipitation, as they are on for example street surfaces. Applying val-
ues for cesium in solution would thus make the tree/shrub dose contribution estimates
somewhat conservative.
Small amounts of long-lived radionuclides in soil will be transferred from the soil
to trees/shrubs by root uptake. This will correspond to only few percent of the material
initially deposited directly on the tree (Linkov et al. 1997), and is not considered in ER-
MIN. Unlike forested areas, leaves/needles in urban areas are generally not left to form a
litter layer after they are shed. Therefore urban tree/shrub soil uptake will be much less
than that in forests. The focus in the context of urban external dose is on the initially
potentially very high tree/shrub canopy contamination due to the very effective aerosol
filter constituted by foliage if the tree/shrub was in leaf at deposition Roed (1990). Only
trees in leaf during deposition are considered in ERMIN, as the contamination level will
otherwise be much less significant.
The formula applied in ERMIN to describe the concentration of contaminants on
these surfaces at any time t is of the form
C(t) =C0 · exp(− ln(2) · t/T1/2)
·( f1 · exp(− ln(2) · t/Tw1)+ f2 · exp(− ln(2) · t/Tw2)+ f3)
(4.7)
where C(t) is the contaminant concentration at time t, C0 is the initial contaminant
concentration after the deposition process, T1/2 is the physical half-life of the radionu-
clide, f1 is the fraction (on average ca. 0.46, standard deviation of ca. 0.07) of the con-
tamination removed with a half-life of Tw1 = ca. 30 days, f2 is the fraction (1− f1˘ f3) of
the contamination removed with a half-life of Tw2 (on average ca. 1.7 years for deciduous
and ca. 1.2 years for coniferous trees/shrubs taking into account continuous needle shed-
ding), f3 is the fraction (0.04) of the contamination assumed to stay until the tree/shrub
is removed, and Tw1 and Tw2 are the corresponding removal half-lives, as given above.
Deciduous foliage shedding in the first autumn after the deposition occurred is assumed
to change f1 and f2 to 0.
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4.2.6 Contaminant mobility in soils
The concentration of contaminants in soil is described in ERMIN as a function of time
and vertical soil depth by a convection-dispersion model, as suggested by Schuller et al.
(1997), Bunzl et al. (2000), Kirchner et al. (2009):
C(x, t) =C0 exp(− ln(2) · t/T1/2)
·( 1√
piDst













Here T1/2 is again the physical half-life, whereas Ds is the effective dispersion coef-














where D is the dispersion coefficient, vw is the mean pore water velocity, Kd is the
distribution coefficient of the contaminant in the soil, ρ is the bulk soil density, and ε is
the soil porosity.
Bossew & Kirchner (2004), Kirchner et al. (2009) have made thorough reviews of
Ds and vs by soil type on the basis of numerous assessments over different parts of Eu-
rope. For radiocesium from Chernobyl, the resultant values were found to be as shown
in Table 4.4. These values are in agreement with those reported by Ivanov (2009).
Of course the downward migration of contaminants in fuel particles is governed
by entirely different physicochemical processes. Ivanov (2009) recorded much lower
effective diffusion coefficients for contaminants contained in dispersed fuel particles de-
posited on soil. For sandy, loamy and peaty soils, these were all found to be of the order
of 0.015 cm2 per year. The dispersed fuel particles measured by Ivanov (2009) were
found to range up to about 18 μm in size, and the larger of these (>4 μm) seem as might
be expected to be somewhat better retained in very top layers of undisturbed soils. Based
on these results, the downward migration of fuel particles is seen to be exceedingly slow,
and it could only lead to limited conservatism in external dose estimates to assume that
the particles remain in the very top of the soil until they dissolve over months or years.
However, once the radionuclides are released from the fuel particles, other rele-
vant contaminants can generally be expected to migrate faster than cesium (Andersson
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Table 4.4: Results of a review of values of Ds and vs by soil type in different types of soil,
based on Chernobyl (cationic) cesium assessment (Bossew & Kirchner 2004, Kirchner
et al. 2009).
Soil group GM GSD AM SD Min Max
Parameter: Ds (cm2 per year)
All soils 0.22 3.1 0.37 0.4 0.02 1.9
Clay/Loam 0.20 4.6 0.36 0.3 0.02 0.8
Sand 0.11 2.3 0.16 0.2 0.03 0.6
Organic 0.94 1.8 1.07 0.7 0.63 1.9
Unspecified 0.27 2.6 0.37 0.3 0.04 0.8
Parameter: vs (cm per year)
All soils 0.18 3.3 0.27 0.2 0.00 0.9
Clay/Loam 0.06 17.5 0.24 0.3 0.00 0.6
Sand 0.15 1.7 0.17 0.1 0.07 0.6
Organic 0.69 1.6 0.73 0.3 0.40 0.9
Unspecified 0.22 1.6 0.24 0.1 0.09 0.5
GM: geometric mean; GSD: geometric standard deviation; AM:
arithmetic mean; SD: arithmetic standard deviation
2009a) as reflected by the differences in Table 4.5 of soil Kd . The dissolution of fuel
particles in soil has in the Chernobyl case been reported by Kashparov et al. (2004) to
take place according to the formulae below, which are used in ERMIN:
If the material was initially oxidized, the dissolution rate constant after deposition in
soil will be:
k(years−1) = 0.6 ·10(−0.15·pH) at pH < 7.0, and k = 0.05 at pH > 7.0 (4.11)
If the material was NOT initially oxidized, the dissolution rate constant after deposi-
tion in soil will be:
k(years−1) = 40 ·10(−0.45·pH) at pH < 6.5, and k = 0.05 at pH > 6.5 (4.12)
The pH values to be used in Kasparov et al.’s formulae would be based on easily
made actual measurements in case of an accident, but may be assumed to mostly be in
the range of 5.0-6.5 for mineral soils and 6.5-8.0 for more organic soils.
Theoretically, there should be some dependence of particle dissolution rates on par-
ticle sizes (Mercer 1967). However, such data are not apparent from the data published
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Table 4.5: Results of a review of values of Kd for 3 important elements by soil type in
different types of soil, based on hundreds (for Cs and I) of field assessments (in units of
L/kg = cm3/g).
Soil group GM GSD AM SD Min Max
Contaminant: Cs
All soils 1.2 ·103 7 6.1 ·103 2.1 ·104 4.3 3.8 ·105
Clay/Loam 5.5 ·103 4 2.2 ·104 6.7 ·104 5.7 ·102 3.8 ·105
Sand 5.3 ·102 6 2.2 ·103 5.0 ·103 1.0 ·101 3.5 ·104
Organic 2.7 ·102 7 3.0 ·103 1.2 ·104 4.3 9.5 ·104
Unspecified 1.7 ·103 5 6.7 ·103 1.5 ·104 4.0 ·101 5.5 ·104
Contaminant: I
All soils 5.4 6 2.5 ·101 7.0 ·101 1.0 ·10−2 5.8 ·102
Clay/Loam 6.8 6 2.1 ·101 3.0 ·101 1.0 1.2 ·102
Sand 3.6 8 1.3 ·101 2.0 ·101 1.0 ·10−2 1.3 ·102
Organic 3.6 ·101 4 9.3 ·101 1.8 ·102 8.5 5.8 ·102
Unspecified 2.6 6 2.0 ·101 7.0 ·101 1.0 ·10−1 3.7 ·102
Contaminant: Ru
All soils 2.7 ·102 8 4.7 ·103 1.7 ·104 5.0 6.6 ·104
Clay/Loam 5.0 ·102 2 6.0 ·102 3.6 ·102 2.0 ·102 9.9 ·102
Sand 3.6 ·101 6 7.7 ·101 9.0 ·101 5.0 6.6 ·104
Organic - - 6.6 ·104 - - -
Unspecified 1.4 ·102 3 2.3 ·102 2.1 ·102 3.4 ·101 4.9 ·102
GM: geometric mean; GSD: geometric standard deviation; AM:
arithmetic mean; SD: arithmetic standard deviation
by Kashparov et al. (2004).
It may be noted that values for the groups ‘all soils’ and ‘unspecified soil type’ are
generally in reasonable agreement, as they would be if the unspecified category in reality
spans representatively over different soil types. Also values reported for weapons fall-
out have been reported by Kirchner et al. (2009), and these are in most cases comparable
with those for Chernobyl data. A lognormal distribution (using the geometric mean) is
assumed in ERMIN (as favored by Kirchner et al. 2009). Minimum and maximum val-
ues are used as boundaries.
Values of Ds and vs for other radioelements than cesium can be found by multiplying
the values in Table 4.4 for cesium by the ‘retardation factor’ relationship (R = 1+Kd
ρ
ε )
(Kirchner et al. 2009) (i.e. by the ‘retardation factor’ for the new element divided by that
for cesium), applying appropriate values for all parameters (see above) for the soil type
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and element in question.
For the Kd values in Equations (4.9) and (4.10), a wide range of data is available (also
by soil type) from a relatively recent review by IAEA (2009). Table 4.5 shows the values
for the 3 radioelements that would be thought to be of primary importance for external
dose, but data for other elements of any potential significance (Am, Ba, Ce, Cm, La, Mo,
Nb, Np, Pu, Rb, Sb, Sr, Te, U and Zr) are also available for use in the specified format
from the report from IAEA (2009), although generally based on much fewer data and
often without soil type specific data or standard deviations. All values of Kd are assumed
to be lognormally distributed based on the Central Limit Theorem, and the assumption
of lognormal is generally supported by empirical evidence (Sheppard et al. 2009).
As for bulk soil density, this normally varies within a short range of 1.4-1.7 g/cm3
for sandy soil, whereas it is typically 1.1-1.4 g/cm3 for clay/loam soil (Brewer 1965,
Chesworth 2008). An assumption of uniform distribution seems reasonable over these
rather small intervals. The relationship between bulk soil density and porosity is given
by:
Soil porosity = 1− (Bulk soil density/particle density) (4.13)
(Blake & Hartge 1986, Brady & Weil 1996). In most soils the particle density can
be assumed to be around 2.65 g/cm3 (Brady & Weil 1996). This is the density of quartz,
which is the dominant mineral in most soils.
For organic soils, the porosity has on the basis of 180 soil samples been shown to
have the following dependence on soil organic carbon (SOC) (Franzluebbers 2011):
Soil porosity(m3/m3) =−0.20+0.89 · (1− exp(−0.067 ·SOC [g/kg])) (4.14)
whereas the bulk soil density depends on the soil organic C in the following way
(Hossain et al. 2015):
Bulk soil porosity(g/cm3) = 1.56 · exp(−0.0063 ·SOC [g/kg]) (4.15)
By including these formulas in ERMIN the user can specify the values for organic
soils directly from the soil organic C content, which is easily measurable by ignition (re-
membering the rule of thumb – the van Bemmelen factor - that organic matter generally
contains about 58 percent organic carbon (Périé & Ouimet 2008)).
4.2.7 Application on a semidetached house
In continuation of Section 4.1.4 kerma contributions according to deposition scenarios
and contaminated surfaces were also determined for different timescales after the ini-
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tial deposition applying the formulas described in the previous sections. As the kerma
conversion factors for the ground were determined for a source on top of the surface
Equation (4.8) cannot be applied for the migration of contamination on grassed areas.
Instead an empirical formula determined by Bunzl et al. (1997) was applied:
K(t) = Γ ·C0 · ( f1 · exp(− ln(2) · t/Tw1)+ f2 · exp(− ln(2) · t/Tw2)) (4.16)
K(t) is the the kerma at time t, Γ the kerma conversion factor and C0 is the initial
contaminant concentration after the deposition process multiplied by a factor accommo-
dating the reductive influence on the initial kerma rate level of surface roughness and
possibly penetration with rain water early after the deposition compared with a situation
where all contamination was initially located on top of a smooth surface. Based on the
findings of Roed (1990) for a dry deposition scenario, it was estimated that the assump-
tion of a reduction factor of about 80 % is reasonable. Therefore, the applied values in
these calculations are f1 = 0.46, Tw1 = 3.3 y, f2 = 0.34, Tw2 = 21 y.
The deposition on a grassed surface at the initial time of deposition is used as a
reference and as in Section 4.1.4 the calculations were performed for an urban envi-
ronment with neighboring buildings and an source energy of 0.662 MeV. To show the
development of air kerma over time the ground floor was chosen as location inside a
semidetached as apart from the other building parts more different surfaces contribute
to the air kerma in that part. Furthermore, a dry deposition scenario with its four dif-
ferent particle sizes was chosen as also the trees show a higher contribution to the air
kerma. The results are presented in Figure 4.3 assuming the ground to be paved and in
Figure 4.4 assuming the ground to be grassed.
For the assumption that the ground is paved, the graphs show regardless of AMAD
that after ca. 1 year apart from the roof the other source areas that contribute air kerma
to the ground floor become more and more negligible. Looking at a grassed ground sur-
face, the graphs show again that the roof is a important source area that contributes air
kerma to the ground floor, but in contrast to the scenario with a paved ground the con-
taminants on the ground continuously cause an important contribution to the air kerma
in the ground floor.
In conclusion, the application of initial relative contamination levels and post de-
position migration of contaminants in connection with kerma conversion factors shows
importance of the roof as main contributor to the air kerma inside the semidetached
house, keeping in mind that if the ground surface is grassed, it is of similar importance
in contributing air kerma to the ground floor.
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Figure 4.3: Air kerma development caused by different source areas over different time
scales at the ground floor of a semidetached house for a dry deposition scenario with its
four different particle sizes. The results are given in pGy per emitted photon of 0.662
MeV on a grassed reference surface of 1 mm2 at the time of initial deposition. The
ground surface was assumed to be paved.
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Figure 4.4: Air kerma development caused by different source areas over different time
scales at the ground floor of a semidetached house for a dry deposition scenario with its
four different particle sizes. The results are given in pGy per emitted photon of 0.662
MeV on a grassed reference surface of 1 mm2 at the time of initial deposition. The
ground surface was assumed to be grassed.
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In the previous chapter initial relative contamination levels and time functions represent-
ing the natural weathering and migration processes of contaminants were determined
that can applied for detailed kerma modeling in connection with kerma conversion fac-
tors that can further give knowledge about which surfaces contribute mostly to the ex-
ternal radiation exposure and enables to optimize decontamination activities. Based on
shielding factors for different source and detector positions, the isodose concept is intro-
duced in this chapter as it illustrates the extent to which the specific areas contribute to
the external radiation exposure at the observation points inside a building. This could,
in turn, be used to show how the decontamination of surfaces or replacement of top-
soil can be optimized in an emergency situation by determining the part of surfaces that
contribute most to the external radiation exposure at the various observation points.
5.1 Introducing the concept of the isodose
5.1.1 Shielding factors around and on top of a modular building
First, in order to illustrate the influence of the position of the sources around the build-
ing on the shielding factor (Equation (1.3) for barrier shielding) the calculated shielding
factors that were determined for a modular building as described in Section 2.1.1 were
used again. The results for 137Cs and 60Co are plotted in heat maps for all 4 observation
points defined above (Figure 5.1). The shielding factor is substantially lower at obser-
vation point No. 1 (inside the breeze block construction) than at the other observation
points. At this point, the overall average shielding factor is 0.29±0.20 (1 SD) for 137Cs
and 0.37±0.21 for 60Co. The shielding factors at the other points were about 0.72±0.22
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for 137Cs and 0.77±0.21 for 60Co.
For 137Cs, the shielding factor of one module wall is 0.90±0.01 and for one breeze
block wall 0.25± 0.01; while the corresponding values for 60Co are 0.94± 0.01 and
0.32± 0.01, respectively. As can be seen from the plots in Figure 5.1, even the doors
and windows provide slightly better shielding than the module walls. The shielding fac-
tors determined for the doors and windows are 0.89± 0.01 and 0.85± 0.01 in case of
137Cs, and 0.93±0.01 and 0.87±0.01 in case of 60Co. All other shielding factors can
be determined from combinations of these factors and the angles at which the radiation
passes through the different materials. The impact of the angle of incidence at the ob-
servation point on the shielding factor depends on the increasing septum length of the
material traversed by the gamma photons as the distance between the surface source
element and the observation point decreases (close to the building). This effect is espe-
cially evident when the breeze block structure is in the line of sight between the source
and the observation point. Hence, as the angle between the incoming radiation and wall
approaches 90◦, while moving further away from the observation point, the radiation
penetrates less material, and thus the shielding factor is higher.
Furthermore, in order to demonstrate the influence on the shielding factor of different
source positions on top of the building, the results for 137Cs and 60Co are plotted for the
4 observation points, as in case of the surrounding deposition (Figure 5.2). The shielding
factor is substantially lower at observation point No. 1 (inside the breeze block construc-
tion) than for the other observation points. At this point, the overall average shielding
factor is 0.32± 0.30 (1 SD) for 137Cs and 0.38± 0.29 for 60Co. The shielding factors
for the other points were about 0.59±0.22 for 137Cs and 0.66±0.19 for 60Co.
All other shielding factors can be determined as combinations of radiation passing
through the roof and then a module or brick wall, taking the angles at which the radiation
passes through the different materials into account, as well as backscattering effects.
5.1.2 Describing the concept of the isodose
Examination of the distribution of angular shielding factors around building structures
leads to the conclusion that some contaminated areas have a higher influence on the ra-
diation exposure inside the building than others. Considering that the distance between
a given observation point inside the building and a given surface source element outside
the building also influences the radiation exposure at the observation point, it is interest-
ing to study which contaminated areas have the highest impact on the radiation exposure
indoors. This could be helpful in optimizing decontamination activities after the release
of radioactive substances and reducing the resulting waste.
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Figure 5.1: Computed angular shielding factors according to source region position
around a modular building, at four different observation points inside the building (indi-
cated by the red dots) for 137Cs and 60Co.
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Figure 5.2: Computed angular shielding factors according to source region position on
top of a modular building at four different observation points inside the building (black
dots) for 137Cs and 60Co.
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For this concept, an observation point i is defined such that it can be inside or out-
side the building, and its position is described by the vector~ri in 3-dimensional space.
The absorbed dose resulting from gamma-emitting radionuclides over an infinitesimal
volume, dV , located at the positions~r, can be determined at this point. The dose con-
tribution from dV to the observation point i, here denoted the dose contribution density
ρD,i(~r), can be determined at each point in space by, for example, defining a certain ra-
dionuclide contamination on a surface, or by defining it as 0 inside the building. Thus,




ρD,i(~r) = 0 (5.1)
To determine the areas with the highest dose contribution, the concept of the “iso-
dose” was developed, as defined below.
Definition: The isodose IDi,k is defined by the outer boundary of one or more zones
in space that contribute, for the most part, a given fraction k to the dose at the observation
point i. In the case when ρD,i(~r) is a continuous function with the maximum ρD,i,max <∞,
the isodose IDi,k can be chosen from the range 0 < IDi,k < ρD,i,max and the fraction of









In the case when ρD,i(~r) is not a continuous function for the entire space, for ex-
ample, due to limitations of the considered space, the concept of the isodose is still
applicable for jump discontinuities. In such a case, the left- and right-hand limits exist,
and the respective point can be applied over the entire range of dose contribution densi-
ties that lie within the left- and right-hand limits.
These equations apply to a single observation point inside the building, but in a
real fallout situation, decontamination must be performed in such way that a substantial
dose reduction is achieved in an entire building. To obtain a measure of the effective
shielding obtained in a building by a given decontamination measure, the times spent
by the residents in various parts of the building must be accounted for. Therefore, so-
called occupancy factors pi for various observation points can be applied to Equation
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Di,∞ · pi ∀ 1 =∑
i
pi
FOR f (ρD(~r)) =
{
∑iρD,i(~r) · pi, ∑iρD,i(~r) · pi ≥ IDk
0, ∑iρD,i(~r) · pi < IDk
(5.3)
Based on this definition, the concept of the isodose can also be applied to 2-dimensional
dose contribution densities ρD,i(~r), for example, on specific surfaces or on the ground
surrounding the building. This can be done in some cases for the sake of simplification,
when the depth distribution under a surface (e.g. fallout in the ground) is neglected.
5.1.3 Applying the concept of the isodose
In reality, we do not know the dose contribution density of the space (Equations (5.1) to
(5.3)), and thus the concept must be applied for different scenarios. The first scenario
could be a contaminated ground surface around a building. The depth distribution is
neglected for the sake of simplification as it differs from point to point in a real fall-
out situation (see e.g., Östlund et al. 2017). Therefore, this application of the isodose
concept is 2-dimensional, and the areas giving the highest dose contribution for a given
source–building geometry can be determined using the following step-by-step proce-
dure. To provide a better understanding, the relevant quantities are listed in Table 5.1.
Step 1: The dose resulting from the entire contaminated surface at the observation
point i, Di,∞, is determined, as well as the contribution to the dose from smaller parts of
the surface Di, j. The size of the areas A j is chosen by reasonability based on the applied
scenario. The dose contribution density is then calculated for each subarea using the
relation ρD,i, j = Di, j/A j. If more than one observation point is considered, this process
must be repeated for all points, and the results weighted with their respective occupancy
factors pi: D j = ∑i Di · pi for the dose contribution and by ρD, j = ∑i Di, j · pi/A j for the
dose contribution density.
Step 2: The subarea j with the highest dose contribution density for the observation
point ρD,i, j or weighted dose contribution density ρD, j is then determined.
Step 3: The fraction of dose contribution ki is then calculated by dividing the dose
contribution Di, j by the dose resulting from the entire contaminated surface Di,∞ for one
observation point, or for the weighted fraction of dose contribution k by dividing Di, j by
D∞ = ∑i Di,∞ · pi.
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Table 5.1: Overview of the relevant quantities in the determination of the isodose.
Symbol Name
A j Size of subarea j
D∞ Total dose weighted for several observation points
Di Dose at observation point i
Di, j Dose at observation point i resulting from contamination of subarea j
Di,∞ Total dose at observation point i
D j Dose weighted for several observation points resulting from contamination
of subarea j
i Observation point index
j Subarea index
IDi,k Isodose for the fraction of dose contribution k to the observation point i
IDk Isodose for the fraction of dose contribution k weighted for several obser-
vation points
k Fraction of dose contribution weighted for several observation points
ki Fraction of dose contribution to the observation point i
pi Occupancy factors
~r Any point in the defined space
~ri Position of the observation point i
ρD Dose contribution density weighted for several observation points
ρD,i Dose contribution density to the observation point i
ρD,i, j Dose contribution density for the observation point i resulting from con-
tamination of subarea j
ρD, j Dose contribution density weighted for several observation points result-
ing from contamination of subarea j
Step 4: This subarea j now represents the area with a fraction of dose contribution ki
or k surrounded by the isodose criterion IDi,k and IDk. IDi,k and IDk are in turn defined
here by their respective dose contribution densities ρD,i, j or ρD, j.
Step 5: The subarea j with the next highest dose contribution density for the obser-
vation point ρD,i, j or weighted dose contribution density ρD, j is then determined.
Step 6: The fraction of dose contribution ki is calculated by dividing the sum of all
dose contributions from the subareas determined in Step 2 or 5 so far, ∑ j Di, j∀ j : ρD,i, j ≥
IDi,k, by the dose resulting from the entire contaminated surface Di,∞ for one observa-
tion point using the isodose IDi,k as the criterion equalling the dose contribution density
ρD,i, j of the subarea j that was determined in Step 5. This must be done for the weighted
fraction of dose contribution k by dividing the weighted sum of all dose contributions
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considered ∑ j D j∀ j : ρD, j ≥ IDk by the weighted dose resulting from the infinite con-
taminated surface D∞, again using the isodose IDk as the criterion equalling the dose
contribution density ρD, j of the subarea j that was determined in Step 5.
Step 7: The subareas j : ρD,i, j ≥ IDi,k or j : ρD, j ≥ IDkthat were determined in Step
2 or 5 now represent the area or areas with a fraction of dose contribution ki or k sur-
rounded by the isodose criterion IDi,k or IDk which are defined here by their respective
dose contribution densities, ρD,i, j or ρD, j as in Step 6.
Figure 5.3: Isodose lines around a modular building at observation point # 1 (Figure 2.2)
for homogenous contamination of 137Cs (top) and 60Co on the ground assuming no
shielding (left), geometry shielding (middle), and combined geometry and barrier shield-
ing (right) according to the definition in Section 1.2. The shading indicates the fraction
of dose contribution to the observation point including the areas that are surrounded by
the respective one. When the outside line for a certain dose reduction reaches the limit
of the calculation grid, its shape might differ for a larger calculation grid.
Step 8: Repeat Steps 4-7 until all subareas have been considered.
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These Steps can be expressed more mathematically for one observation point by:
ki =∑
j
Di, j/Di,∞ ∀ j : ρD,i, j ≥ IDi,k (5.4)
and for more than one observation point by:
k =∑
j
D j/D∞ ∀ j : ρD, j ≥ IDk (5.5)
Figure 5.4: Isodose lines around a modular building at observation point # 2 (Figure 2.2)
for homogenous contamination of 137Cs (top) and 60Co on the ground assuming no
shielding (left), geometry shielding (middle), and combined geometry and barrier shield-
ing (right) according to the definition in Section 1.2. The shading indicates the fraction
of dose contribution to the observation point including the areas that are surrounded by
the respective one. When the outside line for a certain dose reduction reaches the limit
of the calculation grid, its shape might differ for a larger calculation grid.
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If the sizes of the areas A j are numerically equal, the procedure can be simplified
as the determination of the dose contribution density for each subarea becomes unnec-
essary, and the dose contribution per subarea can be compared with the isodose IDi,k
multiplied by the size of one subarea A. Mathematically, Equation (5.4) for one obser-
vation point can be transformed into:
ki =∑
j
Di, j/Di,∞ ∀ j : Di, j ≥ IDi,k ·A ∧ A j = A (5.6)
Figure 5.5: Isodose lines around a modular building at observation point # 3 (Figure 2.2)
for homogenous contamination of 137Cs (top) and 60Co on the ground assuming no
shielding (left), geometry shielding (middle), and combined geometry and barrier shield-
ing (right) according to the definition in Section 1.2. The shading indicates the fraction
of dose contribution to the observation point including the areas that are surrounded by
the respective one. When the outside line for a certain dose reduction reaches the limit
of the calculation grid, its shape might differ for a larger calculation grid.
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and Equation (5.5) for more than one observation point into:
k =∑
j
D j/D∞ ∀ j : D j ≥ IDk ·A ∧ A j = A (5.7)
Figure 5.6: Isodose lines around a modular building at observation point # 4 (Figure 2.2)
for homogenous contamination of 137Cs (top) and 60Co on the ground assuming no
shielding (left), geometry shielding (middle), and combined geometry and barrier shield-
ing (right) according to the definition in Section 1.2. The shading indicates the fraction
of dose contribution to the observation point including the areas that are surrounded by
the respective one. When the outside line for a certain dose reduction reaches the limit
of the calculation grid, its shape might differ for a larger calculation grid.
5.1.4 Isodose lines for different shielding factors
The concept of the isodose, in its simplified application for same-sized subareas, de-
scribed in Equation (5.6), was applied to the modular building that was described in
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Section 2.1.1 and employed again in Section 5.1.1 to illustrate the influence of the po-
sition of the sources around the building on the (barrier) shielding factor. To study to
which extent geometry and barrier shielding as defined in Section 1.2 have an impact on
isodose lines, they were determined for no shielding, geometry shielding, and combined
geometry and barrier shielding in case of homogeneous contamination of 137Cs or 60Co
on the ground for all four observation points (see Figure 2.2). The results are presented
graphically in Figures 5.3 to 5.6.
It can be seen in Figures 5.3 to 5.6 that the shapes of the zones encompassed by the
isodose lines for a given observation point are relatively similar for both radionuclides.
The zones are larger for 60Co as the source energy is higher than in the case of 137Cs.
Regarding the type of shielding, geometry shielding causes a stronger impact on the size
of the zones compared to barrier by moving the isodose lines to larger distance from
the observation point as the areas that are closest to the observation point are not part of
the source area. Barrier shielding gives the isodose lines their characteristic shapes as
almost no transformation can be seen comparing the isodose lines determined for com-
bined geometry and barrier shielding with those determined for geometry shielding in
the directions of the building with less shielding and repectively more transformation in
the directions of the building with more shielding.
To give a better idea of the size of the area that would have to be decontaminated
to achieve a certain reduction in relative dose assuming the modular building being in
place (combined geometry and barrier shielding), the respective values are presented in
Table 5.2, together with the primary dose factor calculated for an infinite contaminated
ground surface. The primary dose factor is directly related to the dose to the residents
when no decontamination measures are taken and is given in pGy per γ/mm2 represent-
ing the dose (pGy) that would be caused by a homogeneous ground contamination for
an source strength of one gamma photon per unit area (γ/mm2).
The values vary significantly depending on the observation point, especially regard-
ing the influence of the breeze block structure or walls, which cause backscattering of
the radiation. There also appears to be an inverse correlation between the primary dose
factor at a given observation point attributed to an infinite contaminated ground and the
size of the decontaminated surface required to reduce this dose by a certain fraction. The
lower the unremediated dose, the larger the size of the area that must be decontaminated
to achieve a certain percentage of dose reduction.
5.2 Influence of various factors on isodose lines
As a next step the isodose concept was applied to two typical Swedish residential houses
to determine isodose lines for the various parts of the houses as well as the combined
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Table 5.2: Area (m2) that would hypothetically have to be decontaminated to achieve
various degrees of dose reduction at the four observation points in case of 137Cs and
60Co contamination. All contamination is assumed to be on the soil surface.
*The values for 30 % dose reduction at observation point # 1 were determined using a
limited calculation grid, and the results may differ with a larger calculation grid.
Observation point Radionuclide Primary dose fac-tor before decon-
tamination
Dose reduction
(pGy per γ/mm2) 10 % 20 % 30 %
1
137Cs 173 48 155 396*
60Co 394 51 168 450*
2
137Cs 446 23 88 251
60Co 829 27 106 303
3
137Cs 489 15 58 172
60Co 908 18 73 221
4
137Cs 425 30 117 292
60Co 804 37 140 349
effect of living in the houses by applying data about typical residential behavior. Fur-
thermore, the impact of vertical migration and variability of the contaminants on the
isodose lines is studied.
5.2.1 Description of the Swedish standard house models
The definition of the geometries for a wooden and a brick house of similar shape are
leaned on the construction drawings and descriptions of authentic Swedish houses that
were made available by the Urban Planning Department of the Municipality of Hässle-
holm (Stadsbyggnadskontoret Hässleholms kommun) (Figure 5.7). The houses have a
ground area of 10 m x 15 m and an overview over the construction details is given in
Table 5.3. Wooden frames were assumed to be negligible and are not part of the models.
All windows and doors comprise an area of 25.3 m2 of the outside walls.
Data from a material compendium (McConn Jr et al. 2011) was used to assign the
material specifications with definite atomic compositions and densities as summarized
in Table 5.4 to the input for the different building structures and environmental regions.
The source energies were representative of monoenergetic sources of 0.662 MeV
representing 137Cs, which has been of main concern in connection with the Chernobyl
and Fukushima accidents. The source regions were defined as 1 m x 1 m plane squares
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Figure 5.7: Birds-eye view of a Swedish standard house.
in a 1 m x 1 m grid up to a lateral distance of 10 m from the sides of the houses on the
ground level as well as 2.5 cm and 5 cm beneath ground level. Separate Monte Carlo
computations for reference values were performed for an infinite horizontal plane source
area on the ground level as well as 2.5 cm and 5 cm beneath ground level.
The detector regions were defined as air-filled spheres with a diameter of 30 cm and
positioned 1 m above ground level according to the observation points for the different
parts of the building (Figure 5.8). Observation point # 1 represents a bedroom, # 2 a
bathroom, # 3 a second bedroom (for e.g. a child or guests), # 4 a dressing room, # 5 a
corridor, # 6 a restroom, # 7 a hall, # 8 a workroom, # 9 a kitchen, # 10 a living room,
and # 11 a dining room.
5.2.2 Isodose lines around Swedish standard houses
The concept of the isodose, in its simplified application for same-sized subareas, de-
scribed in (5.6), was applied for a case where decontamination would lead to different
reductions of the absorbed dose depending on which of the eleven different observation
points is taken into account. A homogenous 137Cs-contamination on the ground level
as well as 2.5 cm and 5 cm beneath ground level surrounding the wooden and the brick
house was assumed. The results are graphically presented as isodose lines in Figures 5.9
to 5.14.
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Table 5.3: Construction details for the wooden and the brick house.
Wooden house Brick house
Outer walls 2.2 cm wood, 4 cm air, 0.9
cm gypsum, 26 cm mineral
wool, 2.8 cm air layer, 1.1 cm
wood, 1.3 cm gypsum
12 cm brick, 4 cm air, 0.9 cm
gypsum, 23 cm mineral wool,
1.3 cm gypsum
Inside walls 12 cm or 17 cm gypsum
Roof 5.4 cm concrete, 2.7 cm wood 5.4 cm concrete, 3.5 cm wood
Ceiling 1.3 cm gypsum, 2.8 cm air layer,
40 cm mineral wool
Windows and doors 0.8 cm glass
The shape of the areas encompassed by the isodose lines of a given observation point
are relatively similar in shape for all depth-levels of the contamination and both simu-
lated houses. The shape of the isodose lines themselves reflects the different materials
as well as the position of doors and windows. The respective zones for deposited con-
tamination beneath ground level are smaller as less gamma photons from remote areas
reach the observation point because of losing energy by interacting with the soil. To
further get an idea about the size of the area that would need to be decontaminated to
get a certain relative dose reduction for contamination at different depth the values of
the primary dose factor that was calculated for an infinite contaminated surface are pre-
sented in Table 5.5. It has to be kept in mind as the isodose lines illustrate relative dose
reduction and not total dose reduction.
The values of the different observation points vary within a factor of five. Fur-
thermore, the primary dose factor for contamination at ground level is around about
5-6 times higher than the respective factor assuming the contamination 2.5 cm beneath
ground level and this factor is about 2 times higher than the respective factor assuming
the contamination 5 cm beneath ground level. Moreover, the primary dose factor inside a
wooden house is about 2 times higher compared to the respective factor in a brick house.
5.2.3 Isodose lines according to residential behavior
So far eleven separate observation points representing the different parts of the build-
ing have been used to determine isodose lines. As a next step occupancy factors pi
as in Equation (5.7) are applied for the determination of isodose lines to obtain corre-
sponding lines that are more representative of the building as a whole. To determine
the isodose lines for typical living conditions, the choice of the occupancy factors pi
was based the data published in the European EXPOLIS project (see e.g. Jantunen et al.
1998, Rotko et al. 2000, Schweizer 2004), where thousands of people in seven European
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Table 5.4: Material specifications with definite atomic compositions (rounded) and den-
sities that were used for the Monte Carlo calculations.
Material Atomic composition Density in kg/l
Air 0.02 % C; 78.44 % N; 21.07 % O; 0.47 % Ar 0.001205
Brick 66.34 % O; 0.37 % Al; 32.32 % Si; 0.71 % Ca;
0.25 % Fe
1.8
Concrete 8.47 % H; 60.41 % O; 1.25 % Na; 2.48 % Al;
24.19 % Si; 2.72 % Ca; 0.47 % Fe
2.25
Glass 60.39 % O; 8.81 % Na; 25.18 % Si; 5.62 % Ca 2.4
Gypsum 33.33 % H; 50.00 % O; 8.33 % S; 8.33 % Ca 2.32
Mineral wool 42.50 % O; 1.70 % Na; 5.40 % Mg; 10.60 % Al;
18.20 % Si; 1.90 % K; 14.30 % Ca; 0.50 % Mn;
4.90 % Fe
0.1666667
Soil 31.69 % H; 50.16 % O; 4.00 % Al; 14.16 % Si 1.52
Wood 46.24 % H; 32.34 % C; 0.28 % N; 20.88 % O; 0.06
% Mg; 0.12 % S; 0.04 % K; 0.04 % Ca
0.64
cities (Athens, Basel, Grenoble, Helsinki, Milan, Oxford and Prague), were studied with
respect to their time budgets, and the hours they spent in various microenvironments.
Averaging over the values people spend about 14 h indoor at home and spend about 1
h preparing food (kitchen) within this time period. Further surveys show that people
spend about 1 h eating (see USDA 2018, dining room), about 8 h sleeping (see OECD
2018, bedroom) and about 0.5 h in the bathroom (see Scotsman 2008), leaving about 3.5
h to be spend in the living room. The resulting isodose lines are graphically presented in
Figure 5.15.
The calculated isodose lines show a mixture of the influence of the time spend in one
(e.g. bedroom) and continuous influence of building materials (e.g. door and window
in the kitchen). Comparing the results, the isodose lines for a wooden house are gentler
than those for a brick house as the wooden materials provide less shielding and therefore
have less impact on the isodose lines. Furthermore, the respective zones for a brick
house are larger compared to the respective zones for a wooden house. Comparing the
zones for contamination at ground level with those with contamination 2.5 cm beneath
it, the size of the zones decrease with entering the soil. However, by getting deeper still
(contaminated layer at 5 cm depth) the zones appear to slightly increase again, as the
contribution from areas far away become insignificant.
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Figure 5.8: Observation points inside a Swedish standard house.
5.2.4 Impact of vertical migration of contaminants in the soil on the
isodose lines
As contaminants migrate downwards in the ground over time, the impact of the posi-
tion of the contamination on the isodose lines is of interest. The parameters Ds and vs
for the model described in Equation (4.8) were chosen to be the most extreme value
combinations determined for 137Cs by Almgren & Isaksson (2006) for sampling sites in
western Sweden (Ds=0.06 cm2 a-1, vs=0.17 cm a-1and Ds=2.63 cm2 a-1 and vs=0.00 cm
a-1). The contaminant distributions were calculated for the first 5 cm of soil depth for the
timescales 0.1 a, 1 a, and 5a after deposition and multiplied with the air kerma free-in-air
values interpolated from the calculations at ground level, 2.5 cm and 5 cm beneath it.
The results are graphically presented as isodose lines in Figure 5.16 for a wooden house
and in Figure 5.17 for a brick house.
In the comparison of the wooden and the brick house similar differences can be
seen as described before. The parameter combination shows that the isodose lines are
similar for a short timescale like 0.1 a. Over longer timescales the respective zones be-
come smaller as the contaminants migrate to deeper soil level. This effect is stronger
for the parameter combination Ds=2.63 cm2 a-1 and vs=0.00 cm a-1 than for Ds=0.06
cm2 a-1, vs=0.17 cm a-1. Moreover, the dominance of the top soil layer can be seen as
it contributes more to the air kerma free-in-air than the lower soil level as shown for the
primary dose factor presented in Table 5.5.
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Figure 5.9: Isodose lines around a wooden house at eleven different observation points
inside it (red dots) for homogenous 137Cs-contamination on the ground level. The shad-
ing indicates the fraction of dose contribution to the observation point including the
areas that are surrounded by the respective one. When the outside line for a certain dose
reduction reaches the limit of the calculation grid, its shape might differ for a larger
calculation grid.
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Figure 5.10: Isodose lines around a wooden house at eleven different observation points
inside it (red dots) for homogenous 137Cs-contamination 2.5 cm beneath ground level.
The shading indicates the fraction of dose contribution to the observation point including
the areas that are surrounded by the respective one. When the outside line for a certain
dose reduction reaches the limit of the calculation grid, its shape might differ for a larger
calculation grid.
97
Chapter 5. Optimization of decontamination activities
Figure 5.11: Isodose lines around a wooden house at eleven different observation points
inside it (red dots) for homogenous 137Cs-contamination 5 cm beneath ground level. The
shading indicates the fraction of dose contribution to the observation point including the
areas that are surrounded by the respective one. When the outside line for a certain dose
reduction reaches the limit of the calculation grid, its shape might differ for a larger
calculation grid.
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Figure 5.12: Isodose lines around a brick house at eleven different observation points in-
side it (red dots) for homogenous 137Cs-contamination on the ground level. The shading
indicates the fraction of dose contribution to the observation point including the areas
that are surrounded by the respective one. When the outside line for a certain dose reduc-
tion reaches the limit of the calculation grid, its shape might differ for a larger calculation
grid.
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Figure 5.13: Isodose lines around a brick house at eleven different observation points
inside it (red dots) for homogenous 137Cs-contamination 2.5 cm beneath ground level.
The shading indicates the fraction of dose contribution to the observation point including
the areas that are surrounded by the respective one. When the outside line for a certain
dose reduction reaches the limit of the calculation grid, its shape might differ for a larger
calculation grid.
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Figure 5.14: Isodose lines around a brick house at eleven different observation points
inside it (red dots) for homogenous 137Cs-contamination 5 cm beneath ground level. The
shading indicates the fraction of dose contribution to the observation point including the
areas that are surrounded by the respective one. When the outside line for a certain dose
reduction reaches the limit of the calculation grid, its shape might differ for a larger
calculation grid.
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Figure 5.15: Isodose lines around a wooden (left) and a brick house (right) using
occupancy factors representing typical residential behavior for homogenous 137Cs-
contamination at ground level (top), 2.5 cm beneath (middle), and 5 cm beneath ground
level (bottom). The shading indicates the fraction of dose contribution to the observation
point including the areas that are surrounded by the respective one. When the outside
line for a certain dose reduction reaches the limit of the calculation grid, its shape might
differ for a larger calculation grid.
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Figure 5.16: Isodose lines around a wooden house using occupancy factors representing
typical residential behavior for homogenous 137Cs-contamination for a vertical distribu-
tion 0.1 a (top), 1 a (middle), and 5 a after deposition (bottom) based on the two most
extreme parameter combination determined in western Sweden. The shading indicates
the fraction of dose contribution to the observation point including the areas that are
surrounded by the respective one. When the outside line for a certain dose reduction
reaches the limit of the calculation grid, its shape might differ for a larger calculation
grid.
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Figure 5.17: Isodose lines around a brick house using occupancy factors representing
typical residential behavior for homogenous 137Cs-contamination for a vertical distribu-
tion 0.1 a (top), 1 a (middle), and 5 a after deposition (bottom) based on the two most
extreme parameter combination determined in western Sweden. The shading indicates
the fraction of dose contribution to the observation point including the areas that are
surrounded by the respective one. When the outside line for a certain dose reduction
reaches the limit of the calculation grid, its shape might differ for a larger calculation
grid.
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Table 5.5: Primary dose factor before decontamination (pGy per γmm-2) for eleven
different observation points inside a wooden and a brick house for contamination on the
ground level as well as 2.5 cm and 5 cm beneath ground level.
Obser- Wooden house Brick house
vation Contamination depth Contamination depth
point 0 cm 2.5 cm 5 cm 0 cm 2.5 cm 5 cm
1 216 42.4 23.5 94.0 16.8 10.1
2 99.0 17.2 9.87 54.0 8.60 5.16
3 201 40.9 21.4 85.0 15.2 8.54
4 93.1 15.1 9.07 54.9 8.45 5.03
5 84.1 12.3 6.04 34.6 5.55 3.04
6 108 20.4 12.5 66.5 11.0 6.73
7 156 26.7 15.4 112 19.1 10.1
8 132 21.9 12.1 80.5 11.6 6.05
9 246 51.6 27.0 134 26.1 13.9
10 183 29.3 16.1 131 22.3 11.6
11 208 34.2 18.6 110 18.3 9.76
5.2.5 Impact of contamination variability on the isodose lines
The model of inhomogeneous contamination is based on measurements of 137Cs fallout
in settlements in Russia and Belarus (Bernhardsson et al. 2015), where dose rate levels
represented by 137Cs peak gamma signals ranging from 0 till 5 kcps were measured 0.1
m above an 9 m x 9 m open and untouched grass surface. Therefore, a random number
generator picking values from 0 till 5 was applied to the 1 m x 1 m grid that was already
used for the Monte Carlo calculations with the restriction that the values in all neighbor-
ing fields on a horizontal or vertical line are allowed to differ at most a value of ±1 and
on a diagonal line at most a value of ±1.4. These values were applied as dimensionless
scaling factors by multiplying the Monte Carlo calculated air kerma free-in-air values for
the respective field for the wooden and the brick house that were determined for contam-
ination at ground level (as this geometry is the most impactful one in terms of radiation
dose to resident) with them. The primary dose factors were determined by subtracting
the one for homogeneous contamination by the sum of determined air kerma free-in-
air values without multiplication factor, then multiplied by the average of the randomly
generated multiplication factors and finally the sum of determined air kerma free-in-air
values with multiplication factor was added. This was done for three different contam-
ination variability scenarios based on the random number generator (Figure 5.18). The
resulting isodose lines are graphically presented Figure 5.19 for the wooden house and
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in Figure 5.20 for the brick house.
Figure 5.18: Three different possibilities of variability in 137Cs contamination based on
a random number generator.
By comparing the resulting isodose lines for different contamination variability sce-
narios with the determined isodose lines for homogenous contamination (see Figure 5.15)
it can be seen that the original shape is still visible. Furthermore, as the shielding of the
wooden house is lower, the effect of contamination variability has a higher impact on the
change of the isodose lines compared to the brick house. The calculation of the Pearson
correlation coefficient underpins this with values for the three different contamination
variability scenarios of 0.96, 0.93, and 0.95 for the wooden house and 0.96, 0.94, and
0.95 for the brick house, respectively.
To see more clearly the impact of contamination variability on the quality of using
zones determined by isodose lines for homogeneous contamination, the dose factors af-
ter decontamination of up to a distance of 2 m from the houses (116 m2) were calculated
as well as the respective dose factor after decontamination according to isodose lines
that were determined for homogeneous contamination. The values are summarized in
Table 5.6 for both houses and for homogeneous contamination as well as the three con-
tamination variability scenarios (see Figure 5.18). The primary dose factors, the relative
dose reduction and the ratio comparing the relative dose reductions for optimised and
for normal decontamination are included in Table 5.6 as well.
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Figure 5.19: Isodose lines around a wooden house using occupancy factors representing
typical residential behavior for three different possibilities of variability scenarios of
137Cs-contamination according to Figure 5.18. The shading indicates the fraction of
dose contribution to the observation point including the areas that are surrounded by the
respective one. When the outside line for a certain dose reduction reaches the limit of
the calculation grid, its shape might differ for a larger calculation grid.
The values in Table 5.6 show that the relative dose reduction for the optimized decon-
tamination is on average 51±8 % higher compared to the normal decontamination for a
fixed area size of 116 m2 to the same distance around the house being decontaminated.
This leads to the conclusion that in an authentic fallout scenario with contamination
variability the decontamination of areas determined with isodose lines for homogeneous
contamination are still a better choice compared to decontaminating within a certain
distance of a building.
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Figure 5.20: Isodose lines around a brick house using occupancy factors representing
typical residential behavior for three different possibilities of variability scenarios of
137Cs-contamination according to Figure 5.18. The shading indicates the fraction of
dose contribution to the observation point including the areas that are surrounded by the
respective one. When the outside line for a certain dose reduction reaches the limit of
the calculation grid, its shape might differ for a larger calculation grid.
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Table 5.6: Primary dose factor before decontamination (pGy per γmm-2) for homoge-
nous and three different variability scenarios of 137Cs-contaminations at ground level
using occupancy factors representing typical residential behavior in a wooden and a
brick house compared to dose factors after decontaminating an area of 116 m2 directly
around the houses or optimized according to the isodose lines presented in Figure 5.15,


























209 177 15.5 % 165 21.2 % 1.37
Variability
scenario 1
217 184 6 15.3 % 167 23.0 % 1.50
Variability
scenario 2
202 178 12.1 % 168 17.1 % 1.42
Variability
scenario 3




102 90 12.3 % 84 18.4 % 1.47
Variability
scenario 1
106 93 12.5 % 85 20.3 % 1.62
Variability
scenario 2
100 90 9.6 % 85 15.2 % 1.55
Variability
scenario 3
103 90 12.1 % 84 18.4 % 1.50
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One requirement for modeling external radiation exposure is to calculate it based on
given source types for a specified geometry. By comparing measured and calculated
shielding factors (see Table 2.4), it was shown that an agreement within 2 % can be ob-
tained using Monte Carlo simulations, provided that the atomic composition and density
of the majority of the construction materials are accurately specified. This agreement ap-
pears to be independent of the primary photon energy of the surrounding gamma sources.
The applicability of theoretical calculations using MCNP6 for radioactive fallout scenar-
ios has thus been demonstrated in practice. Based on these findings MCNP6 was used
to re-calculate the about 30 year-old dose rate (kerma rate in air) conversion factor es-
timates (made with the Monte Carlo code SAM-CE) for one of the standard inhabited
environments integrated in the European decision support systems. The new dose rate
factors differed significantly from the old ones, particularly when the radiation passed
through substantial masses like outer house walls. The explanation might possibly lie
in the programming as in the past 30 years milestones in computing power were taken,
but could also be differences in cross-section data libraries or unreported case-specific
assumptions.
Those kerma conversion factors support the progress of decision making in long
term recovery management in modern cities after an airborne release of radionuclides
e.g. from a nuclear power plant accident. Therefore, MCNP6 was employed to extend
the knowledgebase for external dose estimations in inhabited areas by determining re-
spective factors for a modern glass building that can be found in a similar way in many
modern cities now. The factors were described as formulas as this allows the further
application of the glass building model regardless of the height of the building and de-
tection area. The importance of this building model was shown by comparing its results
for kerma factors with those calculated by Meckbach et al. (1988) for a multistory house
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block. The results of this comparison show the importance of taking into account ade-
quate representations of construction geometries and materials when estimating kerma.
The kerma conversion factors are given in a format that can in practice readily be im-
plemented in the European decision support systems for management of the radiological
consequences of airborne urban contamination.
To predict the external gamma exposure kerma conversion factors have to be con-
nected with contamination levels on the various surfaces in inhabited areas. Therefore,
an overview of primary contaminants with different physicochemical forms produced
in the Chernobyl and Fukushima accidents was given, but it has to be noted that future
accidents would be likely to have different features and might lead to different types
of contaminants. Nevertheless, the lessons from these two major accidents are of great
importance and on the basis of available knowledge, the relative deposition of various
groups of possible contaminants on the different surfaces in the inhabited environment
is estimated. This is an essential requirement in predicting initial dose rates to inhab-
itants from different contaminated surfaces in representative housing environments as
Tables 4.1 to 4.3 show that the relative distribution of contaminants on different sur-
faces can vary considerably according to the physicochemical form (notably elemental
iodine gas fraction, aerosol sizes) of the contaminants. The connection of this data on
initial contamination levels with kerma conversion factors for a semidetached house re-
veals that apart from the ground the kerma inside the house would be almost exclusively
caused by particles on the roof.
Moreover, to determine the fate over time of radioactive substances after deposition
formulae for the decline in contamination level on different surfaces in the inhabited
environment, under different conditions were given. The most recent parameter datasets
derived for use in the European inhabited area decision support model, ERMIN, are re-
ported, including estimates of uncertainties, which are often rather rough, due to the
scarcity of available relevant data. Recently,refinements to the modeling have also been
made to reduce overall uncertainties by better distinguishing between for instance con-
struction material types, and soil type categories. Also, data libraries have been created
for ERMIN with values reflecting the latest state of knowledge. A calculation example
is given in connection with kerma conversion factors for a semidetached house. They
illustrate that the post-deposition migration, and thereby doses to affected persons, may
greatly depend on contaminant characteristics and assumptions regarding the surface
characteristics. Furthermore, they underpin the importance of the roof as main contrib-
utor to the air kerma inside in case of this semidetached house, keeping in mind that if
the ground surface is grassed, it is of similar importance in contributing air kerma to the
ground floor. This knowledge is of importance in optimizing decontamination activities.
Furthermore, the influence of various building materials and the angle of incidence
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of radiation on the shielding factor in case of a modular building was demonstrated. For
example, the breeze block structure provides the most efficient shielding, with about 3
times lower shielding factor than the walls of the house modules. Even the doors and
windows exhibit slightly lower shielding factors than the walls. To define an area with a
given dose contribution to a defined observation point inside the building, the concept of
the isodose was introduced. In form of isodose lines it can be used to illustrate the extent
of surrounding areas that must be decontaminated to achieve a certain dose reduction,
depending on the observation point. It was found that the shape of the surface encom-
passed by the isodose lines did not change with increasing gamma energy of the incident
photons, but the area requiring decontamination to achieve the same percentage of dose
reduction increased with higher gamma energies. An inverse correlation was found be-
tween the primary dose factor (dose when no decontamination measures are taken) and
the size of the area that has to be decontaminated to achieve a certain dose reduction.
Moreover, analyzing the impact of the type of shielding showed that geometry shielding
has a high impact on the size of areas encompassed by the isodose lines, whereas barrier
shielding gives the isodose lines their characteristic shapes.
As a last step the influence of wood and brick as common building materials as well
as the positions of doors and windows on the shape of the isodose lines was demon-
strated by applying the isodose concept to a typical Swedish residential house. Relating
the determined data with data describing typical residential occupancy in the various
rooms of the houses shows the mixture of the influence of the time spent in a specific
part of a house and the continuous influence of building materials as well as positions of
doors and windows. In addition, connecting the data with a model for vertical migration
of contaminants showed the impact of increasing migration depth of the source in the
soil on the decrease rate of the zones that are encompassed by the isodose lines as well
as the dominance of the contamination in the topsoil layer on the total result. Eventu-
ally, the impact of contamination variabilty on the final result was demonstrated with its
dependence on building materials. It was possible to show here that decontamination
according to isodose lines determined for homogeneous contamination is also the better
choice for a realistic contamination variability compared to decontaminating within a
certain distance of the house.
In future investigations that will use MCNP6 and models connected to the contami-
nants characteristics, further methodologies can be demonstrated to enable further opti-
mization of dose reductive interventions in contaminated inhabited areas as, for example,
further studies are required to be able generalize the identified influences on the isodose
lines, in order to further develop this method into a practical and useful tool for the op-
timization of countermeasures in cases of radioactive fallout in populated environments.
Moreover, estimates based on Monte Carlo calculations are important, as the justifica-
tion and optimization of an intervention should be based on estimates of residual dose
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(ICRP 2007), and the dose rate conversion factors for the gamma exposure inside and
outside resulting from radionuclides deposited on different surfaces at the required level
of detail are available for only a limited number of different building types. With modern
day computing power, much less time is required to obtain reliable Monte Carlo model
estimates with good statistics, and with constant improvements to model data libraries,
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A B S T R A C T
Experimentally and theoretically determined shielding factors for a common light construction dwelling type
were obtained and compared. Sources of the gamma-emitting radionuclides 60Co and 137Cs were positioned
around and on top of a modular building to represent homogeneous fallout. The modular building used was a
standard prefabricated structure obtained from a commercial manufacturer. Four reference positions for the
gamma radiation detectors were used inside the building. Theoretical dose rate calculations were performed
using the Monte Carlo code MCNP6, and additional calculations were performed that compared the shielding
factor for 137Cs and 134Cs. This work demonstrated the applicability of using MCNP6 for theoretical calculations
of radioactive fallout scenarios. Furthermore, the work showed that the shielding eﬀect for modular buildings is
almost the same for 134Cs as for 137Cs.
1. Introduction
After an airborne release of radionuclides to inhabited environ-
ments, external gamma irradiation from deposited radioactivity can
contribute considerably to the radiation exposure of the population.
The shielding of gamma radiation by buildings can, however, reduce
this exposure and sheltering of inhabitants is one of the principal
countermeasures considered for areas potentially aﬀected by radio-
active release. Detailed knowledge of the shielding properties of
buildings is therefore an important component of risk assessment in
radiological emergency preparedness. Representing the shielding eﬀect
of a single-storey building, the UNSCEAR used a location factor of 0.1
(UNSCEAR, 2016) which describes the reduction in ambient dose
equivalent from external exposure to deposited material that is
achieved when indoors.
As the geometry of building structures is too complex for simple
methods such as the point kernel model (Spencer et al., 1980), Monte
Carlo calculations are needed to calculate shielding factors as shown in
a comparison performed by Jensen and Thykier-Nielsen (1989). The
shielding properties can vary greatly for diﬀerent types of buildings
(e.g., Finck, 1991) leading to the use of Monte Carlo simulations in the
late 1980s at the GSF (now the Helmholtz Zentrum München German
Research Center for Environmental Health) (Jacob and Meckbach,
1987; Meckbach and Jacob, 1988; Meckbach et al., 1987, 1988) An
early Monte Carlo code SAM-CE (Lichtenstein et al., 1979) was applied
to calculations for four diﬀerent types of houses. Inhabited area ex-
ternal dose estimates in the European standard decision support sys-
tems ARGOS and RODOS rely entirely on these few old datasets. Monte
Carlo calculations were repeated for one of these building types using
the modern code MCNP6 (Goorley et al., 2012), and agreements and
deviations within the order of magnitude for diﬀerent parts of the
building are described in a report that is still to be published. Further
Monte Carlo simulations were performed for an industrial area (Kis
et al., 2003; 2004), for various scenarios of U.S. residential structures
(Dickson and Hamby, 2014; 2016; Dickson et al., 2017), for typical
houses in Brazil (Salinas et al., 2006), and typical buildings in Japan
(Furuta and Takahashi, 2015). To the best of our knowledge this is the
ﬁrst occasion where Monte Carlo calculations of shielding factors have
been experimentally veriﬁed, employing a building type with light-
weight walls that is used in Scandinavia for e.g. preschools, schools and
habitation.
The aim of this study was to compare numerical simulation results
from a theoretical calculation with practical measurements in a mod-
ular building geometry by using point sources of 137Cs and 60Co dis-
tributed over an area of about 800m2 around the building to mimic a
surface deposition. By doing so we aim to show the applicability of the
Monte Carlo simulation for this purpose, both in terms of the accuracy
of the shielding estimate as well as the ability to ﬁnd suitable, re-
presentative indoor points for obtaining the shielding factor. The
comparison study was performed for a lightweight prefabricated
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modular building which was selected because this type of construction
is not uncommon in Scandinavia as solutions for kindergartens, oﬃce-
complexes and habitation in areas with rapid population growth.
Another aspect of this type of building is the poor shielding provided by
the light walls, and are therefore of special concern in emergency
preparedness. The focus was on the two cesium radionuclides 134Cs and
137Cs, which have been of main concern in connection with the
Chernobyl and Fukushima incidents (Imanaka et al., 2015). 137Cs is also
represented among those important high-activity sealed sources that
could become dispersed in an accident or as a consequence of a terrorist
attack (Andersson et al., 2008). However, this study also considered
60Co as a representative of higher-energetic sources, as it also is directly
relevant to plausible terrorism scenarios (Ferguson et al., 2003).
2. Materials and methods
2.1. Concept of the shielding factor
The shielding factor represents the reduction of the absorbed dose
rate by attenuation and scattering when the radiation passes through
matter. The shielding factor at a point inside a building structure acting
on a radiation source outside the building can be deﬁned as









where D˙bld is the absorbed dose rate at a point inside the building and
D˙ref is the absorbed dose equivalent at the same point in air without the
presence of the building for an identical source geometry (Finck, 1991).
This factor is based on the barrier shielding factor concept that was
originally deﬁned by Spencer (1962) and compares the dose rate at one
position caused by the same source to the dose rate at the same position
replacing the building with air. A second concept developed by Spencer
(1962) is geometry shielding, which compares the dose rate at one
position caused by a given source and replacing the building by air to
the dose above an inﬁnite, uniformly contaminated plane-surface
source at a reference height of 1m. Geometry shielding can be com-
bined with the barrier-shielding concept by multiplication. The re-
sulting factor is also called reduction factor. In the theoretical calcu-
lation, the shielding factor can be determined by ﬁrst calculating the
absorbed dose rate with the building in place, and then dividing it by
the absorbed dose rate calculated at the same point but with the
building removed and replaced by air. Of course, this is not possible in
an experimental situation for buildings that already exist.
When shielding factors are determined experimentally by mea-
suring dose rates with a dose rate instrument, it is necessary to separate
the natural background component as deﬁned by IAEA (IAEA, 2007)
from the signal originating from a speciﬁc radiation source. This is done
in two steps. First, the natural background is measured both inside the
building and outside using one location as a reference. Then, the
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where D˙tot bld, and D˙tot ref, are the total measured absorbed dose rates
inside the building and outside at the location chosen as reference with
the radiation sources present. D˙bgd bld, and D˙bgd ref, are the dose rate
contributions from the natural background in the building and outside
at the location chosen as reference as measured in the absence of the
source.
The focus of this study was on the shielding factors considering
contamination on outdoor horizontal surfaces (ground and roof). In
fallout scenarios where the deposition mainly has arisen from rainout or
washout of ﬁssion products from the passing plume, radionuclides on
the ground and on the roof of buildings can be expected to contribute
signiﬁcantly to the total dose (Andersson, 2009), although buildings
naturally also protect against radiation from contamination, e.g., on all
vertical surfaces, on other indoor surfaces, on vegetation and in the air
(primary contaminant plume or resuspended radioactive matter).
2.2. Description of the experiment
The applied modular building consisted of two standard oﬃce
modules with outer measurements 900 cm×330 cm×300 cm (L x W
x H) rented by the company Bilsby®, that were ﬁtted together side by
side (Fig. 1). The modules were placed in an open ﬁeld (> 100m clear
in all directions) and raised with wooden beams from the uneven
ground to make them level. Each module had one window on each short
side and one door on each long side. The outer measurements of the
windows were 140 cm×120 cm (W x H) and of the doors
90 cm×200 cm (W x H), so the fraction of windows was about 7% of
the wall surface of the entire modular building and that of the doors
was about 4%. The outer wall thickness was 12.5 cm and consisted
mainly of wood and mineral wool. The combination thus had four
windows, two doors, and one opening between the modules. The inner
wall thickness was 25 cm. Inside one of the modules an “inner room” of
lightweight expanded clay aggregate (LECA) was set up (Fig. 2) to in-
vestigate the impact of heavier material for constructing buildings. This
room had a wall thickness of 15 cm, height of 152 cm, and outer
measurements of 103 cm×88 cm due to the measures of the used
bricks.
Dose rate instruments (Automess Dose Rate Meter 6150 AD 6/H
with a plastic scintillator probe 6150 AD-b/H) were used to experi-
mentally determinate the dose rates. They were calibrated to the am-
bient dose rate, H∗(10), according to the ICRP deﬁnition (ICRP, 2010).
This is the absorbed dose rate at a point 10mm below the surface in the
300mm diameter ICRU sphere (consisting of tissue-equivalent matter)
subjected to a parallel and aligned radiation ﬁeld. One detector was
calibrated by the Swedish Radiation Safety Authority (SSM) for cali-
bration factors regarding the ambient dose rate equivalent, H*(10), and
the angular eﬃciency (30°, 60°, and 90°) for 241Am, 137Cs, and 60Co.
The calibration factors for the other detectors were determined by
placing a source at 1m distance from the center of a scintillator crystal
at 0° in a low background level room, with the calibrated detector as a
reference instrument for 60Co and 137Cs. The deviations were within a
range of 10%. It is assumed that the ratio of ambient dose, with and
without shielding, at a given observation point, is the same as the
corresponding ratio of the absorbed dose at that point. In the same low-
background-level room, sources were also placed at 30°, 60°, and 90oto
assess the angular eﬃciency. The results of those measurements were
within a range of 6%. Four detectors were positioned inside the mod-
ules (Fig. 2) and one detector outside, about 14m away from the
Fig. 1. Setup of the modular building.
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modules. All detectors were placed 1m above the ﬂoor surface in the
modules. The bottom level of the modules was 26 cm beneath the ﬂoor
surface and was used as ground surface, as the ground was uneven and
thus the modules had to be put on beams.
137Cs and 60Co point sources as well as one point source with
physical diameter 10mm of 60Co were used in the experiments. The
respective details including uncertainties are presented in Table 1.
The measurement scheme used in the study followed a grid system
that was 29m×26.5 m, as represented in Fig. 3 for the source posi-
tions. The red grid in Fig. 3 represents a distance between the source
points of 4m and the blue grid represents a subdivision of the red grid
to a distance between the source points of 2m. Every crossing between
the red, blue, and red-blue lines in the ﬁgure represents a source point.
Thus, the number of source points is denser along the short side of the
module conﬁguration in order to reduce systematic uncertainties for
measurements of radiation penetrating the windows. The 4m density of
source points is also too coarse for measuring the shielding factor on the
roof; hence, it was decreased to a 2m density as seen by the crossings of
the red, blue, and red-blue lines in Fig. 3. The height of the positioned
sources was chosen to be on a plane that would have been level with the
ground if the modules were placed on a level ground surface.
To calculate the shielding factor, the background values for all de-
tectors and their respective positions were recorded daily prior to the
measurements with the sources present. These values were eventually
subtracted from the instrument reading of the source points. The am-
bient dose rate was also corrected with the calibration factors and the
angular eﬃciencies via a calculation of the incident angle from each
source point.
The H∗(10) rates measured with the detector outside the modules
were also corrected using the same method mentioned above (sub-
traction of measured background values and correction with calibration
factors and angular eﬃciencies). Ambient dose rates for diﬀerent source
points were compiled and the data set was used to ﬁt a mathematical
expression that displayed H∗(10) as a function of distance. This ex-
pression was then used to extract the reference H∗(10) for the exact
distance from each detector to each source point. The measured H∗(10)
from each source point and each detector was then divided by this value
to determine the shielding factor.
Measurements for the following four setups were performed:
Setup 1: All 92 grid points on the ground according to Fig. 3 were
measured with three 137Cs point sources totaling 3.1 GBq (Sources
number 1–3 in Table 1) placed in a 200mL plastic container (inner wall
∅=67mm and inner wall thickness= 1.9mm). This container was
placed on a height-adjustable tripod in order to place the sources in the
measurement plane.
Setup 2: 137Cs measurements were taken of the 15 grid points on the
roof of the modules (L11 to P19 in Fig. 3). The scintillators were now
reoriented so that their front surfaces were directed towards the ceiling
of the building, instead of downwards in the previous experiments with
the center of the plastic crystal remaining 1m above the ﬂoor surface.
For these measurements, one point source was used with activity 880
MBq (Source number 2 in Table 1), and it was also placed in a 200mL
plastic container.
Setup 3: All 92 source points on the ground, according to Fig. 3, were
measured with the point source of 6100 MBq (60Co - source number 4 in
Fig. 2. Detector positions inside the modular building. The top and bottom wall
have two windows each. The left and right wall have one door each, and there is
a doorway connecting both modules where the modules are ﬁtted together. The
U-shape in the top-left corner represents the clay brick structure (LECA).
Table 1
Sources used for the measurement of shielding factors. The uncertainties re-
present a coverage factor of k=2.
Radionuclide Source number Activity in MBq
137Cs 1 1400 ± 200
2 880 ± 80
3 850 ± 150
60Co 4 6100 ± 1600
5 45 ± 4
6 45 ± 4
7 94 ± 9
8 94 ± 9
Fig. 3. Schematic overview of the measurement grid. All crossings of red and
blue lines indicate source position points. The width of one row and column
represented by the letters and numbers at the frame is 1m. (For interpretation
of the references to color in this ﬁgure legend, the reader is referred to the Web
version of this article.)
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Table 1). Due to its high activity, complementary measurements were
made with weaker sources at the points closer to the modules in order
to avoid saturating the detectors. The source points where one or more
detectors saturated and for which complementary measurements were
necessary were N9, L9, P9, R9, J11, R11, J13, R13, J15, R15, J17, R17,
J19, R19, J21, L21, N21, P21, J23, L23 and N23 (Fig. 3). Measurements
were taken by using three point sources of 60Co that contained a total
180 MBq (Sources number 5, 6, and 7 or 8 in Table 1). The sources were
placed in a 200mL plastic container with inner wall diameter 67mm,
which, in turn, was placed on a height-adjustable tripod.
Setup 4: For the 60Co measurements of the 15 grid points on the roof
of the modules (L11 to P19 in Fig. 3), the detectors were reoriented so
that their front surfaces were directed towards the ceiling of the
building, instead of downwards in the previous experiments with the
center of the plastic crystal remaining 1m above the ﬂoor surface. Two
point sources totaling an activity of 190 MBq (Sources number 7 and 8
in Table 1) were used for the measurements on the roof. As in Setup 3,
the sources were placed in a 200mL plastic container.
For all the measurements that used the 200mL plastic container, the
maximum displacement of the sources within the container was 30mm.
Source number 4 in Table 1 was somewhat more diﬃcult to place in
exact position because of its higher activity and attached handling
equipment. Because of this, the displacement varied from measurement
point to measurement point, in the range 10 cm–40 cm.
2.3. Description of the calculations
The Monte Carlo calculations for the setup of the modular building
were performed with the transport code MCNP6 (Goorley et al., 2012),
using the nuclear cross-section data set ENDF/B-VII.0 (Chadwick et al.,
2006). Among other processes, it accounts for photon creation and loss
through relevant mechanisms such as bremsstrahlung, ﬂuorescence,
Compton scattering, photon capture, pair production and p-annihila-
tion.
The code allows for the deﬁnition of complex three-dimensional
geometries through a combinatorial geometry technique. The deﬁnition
of the geometry is based on the construction drawings and descriptions
made available by Bilsby®, and measurements for the real modules in-
cluded an additional construction made of clay bricks (Fig. 4). The
regions in space were constructed by a logical combination (union,
intersection, diﬀerence) of elementary geometric bodies and surfaces.
Diﬀerent databases (McConn et al., 2011; Websides, 2016) were used to
assign the material speciﬁcations with deﬁnite atomic compositions and
densities as summarized in Table 2 to the input data for the diﬀerent
building structures and environmental regions.
For each setup separate computations were performed for the dif-
ferent source positions and for reference values without the building
structure. The setups corresponded to the four diﬀerent measurement
setups. The source regions were deﬁned in all calculations as cylinders
with a diameter and height of 1 cm. The source energies were either
monoenergetic sources of 0.662MeV representing the 137Cs sources, or
they were multi-energetic sources with energies of 1.173MeV and
1.332MeV representing the 60Co sources, also taking into account the
emission probability of both energies. Internal scatter within the source
material was neglected, and there was no extra material composition
attached to the source regions apart from the surrounding air, but from
a simple comparison calculation without building can be assumed that
about 12% of the calculated ambient dose is caused by gamma radia-
tion that was scattered by the soil for 137Cs and about 8% for 60Co.
To compare the shielding factors for the 134Cs sources with those for
the 137Cs sources, additional Monte Carlo computations were per-
formed for 70 source points on the roof (K11 to Q20 in Fig. 3) of the
modules for the 137Cs sources as well as poly-energetic gamma sources
with energies of 0.475MeV, 0.563MeV, 0.569MeV, 0.605MeV,
0.796MeV, 0.802MeV, 1.039MeV, 1.168MeV, and 1.366MeV. These
latter represent the 134Cs sources accounting for the emission prob-
ability of these energies, and they lead to a weighted mean value of
0.698MeV. The reference values were determined as in the other setups
without the building structure.
The detection regions were deﬁned as air-ﬁlled spheres with a
diameter of 30 cm. Four detector regions were positioned according to
the detector positions in the real modular building 1m above ﬂoor level
of the modules (Fig. 2). In those regions, the number and energies of the
gamma particles passing through were scored. By using conversion
coeﬃcients (ICRP, 2010), the ﬂuence was transferred to the ambient
dose equivalent H∗(10) at the end of the calculation, as the applied dose
rate instruments in the experiment were calibrated to the ambient dose
rate H∗(10).
In order to obtain suﬃciently good statistics below a level of 5%
standard deviation within acceptable computation times in MCNP6
various variation reduction techniques can be applied. The deﬁned
regions in space are called cells and for each of them a weight window
was generated. The number of a particle's weight in MCNP6 represents
the number of physical particles which in these calculations are photons
with diﬀerent random walks being represented by one MCNP particle.
For each space cell, a lower weight bound is supplied by the user and
the upper weight bound is a speciﬁed multiple of the lower. These
weight bounds deﬁne a window of acceptable weights. If a particle
emitted from the source and generated by interactions with the mate-
rials is below the lower weight bound, then “Russian roulette” is played
and randomly the particle's weight is either increased to a value within
the window or the particle is terminated. If a particle is above the upper
weight bound, it is split so that its parts are within the window. No
action is taken for particles within the window. The weight windowsFig. 4. Birds-eye view of the modular building model.
Table 2
Material speciﬁcations with deﬁnite atomic compositions (rounded) and den-
sities that were used for the Monte Carlo calculations.
Material Atomic composition Density in kg/
L
Particle board 46.24% H; 32.34% C; 0.28% N; 20.88% O;







Mineral wool 42.5% O; 1.7% Na; 5.4% Mg; 10.6% Al; 18.2%
Si; 1.9% K; 14.3% Ca; 0.5% Mn; 4.9% Fe
0.167
Glas 60.39% O; 8.81% Na; 25.18% Si; 5.62% Ca 2.4
Plastic 50.00% H; 33.33 % C; 16.67% Cl 1.51
LECA bricks 63.33% O; 0.69% Na; 0.92% Mg; 9.47% Al;
21.91% Si; 0.01% P; 1.09% K; 0.99% Ca; 0.20%
Ti; 0.01% Mn; 1.38% Fe
2.2
Steel 3.41% C; 4.87% N; 0.97% Si; 0.05% P; 0.03% S;
18.88% Cr; 8.69% Mn; 65.92% Fe; 4.65% Ni
7.86
Soil 31.69% H; 50.16% O; 4.00% Al; 14.16% Si 1.52
Air 0.02% C; 78.44% N; 21.07% O; 0.47% Ar 0.001205
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were determined using the Weight Window Generator, which estimates
the importance of the cells in the space. The importance of cells is
deﬁned as the expected score generated by a unit weight particle after
entering the cell. By using the cell-based generator, the average im-
portances of the space cells can be estimated.
3. Results
3.1. Comparison of the theoretical and experimental shielding factors
The shielding factors determined from the experiment were com-
pared to those calculated theoretically. This was done by using the ratio
of the experimentally and computationally determined shielding fac-
tors.
Setup 1: The resulting ratios of the experimentally determined to the
theoretically calculated shielding factors for 137Cs were plotted in heat
maps, in which individual values are represented graphically by a color
code, for the corresponding distances from the respective detector re-
gion. This allowed an investigation into any possible inﬂuence of the
diﬀerent source positions around the modules (Fig. 5) on the ratio. The
ranges of the plotted ratios show that the clay bricks in the real modules
provided less shielding than those in the theoretical model. Measure-
ments of the real clay bricks showed that their density was ρ=0.65 kg/
L, which is lower than the clay density applied to the model:
ρ=2.20 kg/L taken from a material compendium (McConn et al.,
2011). On average, the shielding factor over all source and detector
regions was experimentally determined to be 0.66 ± 0.02 and theo-
retically calculated to be 0.60 ± 0.02. The overall ratio of the ex-
perimentally determined to the theoretically calculated shielding fac-
tors was determined to be 1.39 ± 0.04. If the combinations of source
positions to detector regions are divided into those that cross the clay
bricks looking at the direct line and those that do not cross the clay
bricks at the direct line the ratios are determined to be 1.03 ± 0.02
without and 2.53 ± 0.06 with the clay bricks.
Setup 2: The resulting ratios of the experimentally determined to the
theoretically calculated shielding factors for 137Cs were plotted in heat
maps for the corresponding source positions on top of the modules to
the respective detector region. This allowed an investigation into any
possible inﬂuence of diﬀerent source positions on top of the modules
(Fig. 6) on the ratio. The ranges of the plotted ratios show that the clay
bricks in the real modules provide less shielding than those in the
theoretical model, as the clay density was assumed to be higher in the
model than that of the real bricks. The ranges of the plotted ratios also
show that the sources that were positioned on the line where the two
modules were ﬁtted together lead to greater shielding from the real
modules than that seen in the theoretical model. This can be explained
because the edges of the real modules are encased in metal, which was
not included in the model. The overall ratio of the experimentally de-
termined to the theoretically calculated shielding factors was de-
termined to be 1.24 ± 0.10. If the combinations of source positions to
detector regions are divided into those that cross the clay bricks looking
at the direct line and those that do not cross the clay bricks as well as
those where the sources were positioned on the metal case the ratios are
determined to be 1.10 ± 0.03 without the clay bricks or metal case,
2.68 ± 0.20 with the clay bricks and 0.64 ± 0.04 with the metal case.
Setup 3: The resulting ratios of the experimentally determined to the
theoretically calculated shielding factors for 60Co were plotted in heat
maps as in Setup 1 (Fig. 7). The ranges of the plotted ratios show again
that the clay bricks in the real modules provide less shielding than those
in the theoretical model, as the clay density was assumed to be higher
Fig. 5. Ratio of the experimentally de-
termined to the theoretically calculated
shielding factor according to source region
position around the modules, for four dif-
ferent detector regions inside the modules
(red spot) for Setup 1 (137Cs). According to a
material compendium (McConn et al.,
2011), the density of the clay bricks in the
calculations was assumed to be ρ=2.20 kg/
L, and it was later measured to be
ρ=0.65 kg/L. (For interpretation of the re-
ferences to color in this ﬁgure legend, the
reader is referred to the Web version of this
article.)
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in the model than that of the real bricks. On average, the shielding
factor over all source and detector regions was experimentally de-
termined to be 0.73 ± 0.02 and theoretically calculated to be
0.65 ± 0.02. This resulted in an overall ratio and the standard error of
the mean of the experimentally determined to the theoretically calcu-
lated shielding factors of 1.33 ± 0.04. If the combinations of source
positions to detector regions are divided into those that cross the clay
bricks looking at the direct line and those that do not cross the clay
bricks at the direct line the ratios are determined to be 1.04 ± 0.02
without and 2.22 ± 0.05 with the clay bricks.
Setup 4: The resulting ratios of the experimentally determined to the
theoretically calculated shielding factors for 60Co were plotted in heat
maps as in Setup 2 (Fig. 8). The ranges of the plotted ratios show again
that the clay bricks in the real modules provide less shielding than those
in the theoretical model, as the clay density was assumed to be higher
in the model than that of the real bricks. Furthermore, the ranges of the
plotted ratios again show that the sources that were positioned on the
line where the two modules were ﬁtted together lead to greater
shielding of the real modules than that seen in the theoretical model.
This can be explained because the edges of the real modules are encased
in metal which was not included in the model. The overall ratio of the
experimentally determined to the theoretically calculated shielding
factors was found to be 1.12 ± 0.07. If the combinations of source
positions to detector regions are divided into those that cross the clay
bricks looking at the direct line and those that do not cross the clay
bricks, as well as those where the sources were positioned on the metal
case the ratios are determined to be 1.02 ± 0.02 without the clay
bricks or metal case, 2.17 ± 0.15 with the clay bricks and 0.67 ± 0.03
with the metal case.
Table 3 provides a summary of the ratios of the compared experi-
mentally determined and theoretically calculated shielding factors.
To ﬁnd a suitable and representative indoor point for the shielding
factor the overall ratios were also determined per detector region and
are summarized in Table 4. The ratios are the highest for detector #1 as
it was almost surrounded by the clay bricks and thus its shielding factor
was the most aﬀected. The ratios determined for the source positions on
the roof were lower than the respective ratios for source positions on
the ground, since one third of the source positions on the roof were
aﬀected by the metal case.
3.2. Impact of the clay density on the result
For various brick clays, the ﬁring temperature has a high impact on
the development of their pore structure (Hill, 1960) and
Fig. 6. Ratio of the experimentally determined to the theoretically calculated shielding factor according to source region position on top of the modules, for four
diﬀerent detector regions inside the modules (black spot) for Setup 2 (137Cs). According to a material compendium (McConn et al., 2011), the density of the clay
bricks in the calculations was assumed to be ρ=2.20 kg/L, and it was later measured to be ρ=0.65 kg/L.
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correspondingly their density. Moreover, some clay brick types have
large perforations that enhance their thermal insulating capacity
(Gosmartbricks, 2017), which naturally also considerably reduces the
bulk density of the brick. To investigate the impact of the diﬀerent
densities of clay bricks in this case and to show that the Monte Carlo
calculations are also applicable for the clay brick structure, additional
calculations were performed for clay brick densities of ρ=2.20 kg/L
and ρ=0.65 kg/L. The ratio comparing H∗(10) caused by 60Co and
137Cs crossing a clay brick for both densities was calculated using the
MCNP6 code (Goorley et al., 2012). The ratios were determined for
diﬀerent thicknesses of clay brick (Fig. 10), as the radiation can cross
the clay brick structure in the building model at diﬀerent angles. The
ratio of the diﬀerence of the shielding factor ratios for the respective
source point detector combinations that were aﬀected by the clay brick
structure are in the right range.
Additionally, the calculations were repeated for all source points
that were inﬂuenced by the clay brick structure according to Setup 1,
but this time using the measured density of the clay brick structure. The
resulting ratios of the experimentally determined to the theoretically
calculated shielding factors for 137Cs were plotted in heat maps for the
corresponding distances from the respective detector region, as they
were for the ﬁrst calculations (Fig. 9). The presented results show good
agreement with the measurements (slight variations will always be
expected due to small imperfections in the model compared with real
life, due to ground unevenness, surface texture, etc.). The ratio of the
experimentally determined to the theoretically calculated shielding
factors was now determined to be 0.95 ± 0.02 for detector #1,
1.02 ± 0.02 for detector #2, 0.99 ± 0.02 for detector #3,
1.03 ± 0.02 for detector #4 (Table 4), and 1.00 ± 0.01 averaging
over all detector regions (Table 3). The results show that all detector
regions are of similar quality. The average theoretical shielding factor
increased with the new calculations to 0.68 ± 0.02.
3.3. Comparison of shielding factors for 137Cs and 134Cs
The comparison of the theoretically determined shielding factors for
137Cs and 134Cs is presented in Fig. 11. The ratio and the standard error
of the mean of the shielding factor of 134Cs and of 137Cs was determined
to be 1.02 ± 0.05 on average over all of the diﬀerent source positions.
4. Discussion
In conclusion, the theoretically calculated shielding factors showed
good agreement with the experimentally determined shielding factors
for the modular building in case of source point and detector area
combinations that were not directly inﬂuenced by the clay brick
structure or the metal case. The ratios determined for the source points,
for which the direct radiation path crosses the clay structure before
reaching the detector, were within the predicted range, considering the
clay density in the model and the density in the experiment. Further
calculations also showed the agreement between the model and ex-
periment. For future calculations, it will be important to know the ac-
tual density of bricks and other important construction elements used in
building houses. If not properly accounted for, construction materials
with highly deviating density or atomic composition may strongly af-
fect the accuracy in the calculated shielding factors of a building, de-
pending on the choice of reference point in the building. In the present
study, however, the metal case only inﬂuenced the result when the
source was directly positioned on top of it. For future models has to be
considered, that a structure of this type might have to be included,
especially when a major part of the unscattered radiation crosses the
structure before reaching the detector, which is usually not the case as
the metal case normally only covers a very small part of a modular
building as in the presented case.
The diﬀerence between the calculated and experimentally
Fig. 7. Ratio of the experimentally de-
termined to the theoretically calculated
shielding factor according to source region
position around the modules, for four dif-
ferent detector regions inside modules (red
spot) for Setup 3 (60Co). According to a
material compendium (McConn et al.,
2011), the density of the clay bricks in the
calculations was assumed to be ρ=2.20 kg/
L, and it was later measured to be
ρ=0.65 kg/L. (For interpretation of the re-
ferences to color in this ﬁgure legend, the
reader is referred to the Web version of this
article.)
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determined shielding for two diﬀerent radionuclides with primary
gamma energies of 0.662–1.25MeV appeared to be negligible for the
reference points not directly aﬀected by the clay bricks (Detector points
#2–4). As an example, the ratio between the measured and calculated
shielding factors ranged from 1.06 to 1.10 for the ground source
geometry (Table 4). Hence, the results showed that the gamma energy,
in practice, has no inﬂuence on the level of agreement between ex-
periment and calculation, provided that the construction materials are
accurately characterized in terms of density and atomic composition.
Therefore, the applicability of theoretical calculations using MCNP6 for
radioactive fallout scenarios has been demonstrated in practice.
Additionally, it was shown that the shielding eﬀect for modular
buildings is almost the same for 134Cs as for 137Cs, meaning that a
common value for the shielding factor for this type of building can be
used for the two radionuclides that dominate the external gamma ﬂu-
ence in connection with nuclear power plant fallout.
In future investigations that will also use MCNP6, methodologies
will be demonstrated to, for example, enable optimization of dose re-
ductive interventions in contaminated inhabited areas by calculating
dose isolines. The inﬂuence on the dose rate of diﬀerent building fea-
tures will also be examined. Such calculation estimates are important,
as the justiﬁcation and optimization of an intervention should be based
on estimates of residual dose (ICRP, 2007), and the dose rate conver-
sion factors for the gamma exposure inside and outside resulting from
radionuclides deposited on diﬀerent surfaces at the required level of
detail are at most available for 4 to 5 diﬀerent building types. With
modern day computing power, much less time is required to obtain
reliable Monte Carlo model estimates with good statistics, and with
constant improvements to model data libraries, tools such as MCNP6
will play an increasing role in the optimization of an intervention.
Fig. 8. Ratio of the experimentally determined to the theoretically calculated shielding factor according to source region position on top of the modules, for four
diﬀerent detector regions inside the modules (black spot) for Setup 4 (60Co). According to a material compendium (McConn et al., 2011), the density of the clay
bricks in the calculations was assumed to be ρ=2.20 kg/L, and it was later measured to be ρ=0.65 kg/L.
Table 3
Ratios and standard error of the mean of the experimentally determined and
theoretically calculated shielding factors for diﬀerent scenarios for a density of





Source region Ground Roof
137Cs None 1.39 ± 0.04 (ρLECA=2.20 kg/L) 1.24 ± 0.10




1.03 ± 0.02 1.10 ± 0.03
Clay bricks 2.53 ± 0.06 2.68 ± 0.20
Metal case – 0.64 ± 0.04




1.02 ± 0.05 1.02 ± 0.02
Clay bricks 2.22 ± 0.05 2.17 ± 0.15
Metal case – 0.67 ± 0.03
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Further Monte Carlo models will enable the computation of diﬀerential
shielding factors, where the shielding of an incoming photon at a given
angle of incidence and for a given construction material can be ex-
pressed.
5. Conclusions
An agreement within 2% between the measured and calculated
shielding factor (Table 4) can be obtained using Monte Carlo simula-
tions, provided that the atomic composition and density of the majority
of the construction materials are accurately speciﬁed. This agreement
appears to be independent of the primary photon energy of the sur-
rounding gamma sources. The applicability of theoretical calculations
using MCNP6 for radioactive fallout scenarios has thus been demon-
strated in practice.
Table 4
Ratios and standard error of the mean of the experimentally determined and theoretically calculated shielding factors for the diﬀerent setups and detectors for a
density of the clay bricks (LECA) of ρ=2.20 kg/L if not a diﬀerent value is mentioned.
Setup Detector
#1 #2 #3 #4
137Cs Ground (ρLECA=2.20 kg/L) 2.38 ± 0.08 1.07 ± 0.03 1.05 ± 0.03 1.06 ± 0.03
Ground (ρLECA=0.65 kg/L) 0.95 ± 0.02 1.02 ± 0.02 0.99 ± 0.02 1.03 ± 0.02
Roof 2.14 ± 0.25 0.96 ± 0.08 0.95 ± 0.06 0.91 ± 0.06
60Co Ground 2.02 ± 0.06 1.10 ± 0.04 1.10 ± 0.05 1.10 ± 0.04
Roof 1.76 ± 0.18 0.92 ± 0.06 0.90 ± 0.06 0.88 ± 0.06
Fig. 9. Ratio of the experimentally de-
termined to the theoretically calculated
shielding factor according to source region
position around the modules for four dif-
ferent detector regions inside the modules
(red spot) for Setup 1 with corrected density
of the clay bricks (137Cs). (For interpretation
of the references to color in this ﬁgure le-
gend, the reader is referred to the Web
version of this article.)
Fig. 10. Ratio of the diﬀerence in H∗(10) after crossing clay bricks with a
density ρ=0.65 kg/L to bricks with density ρ=2.20 kg/L.
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Fig. 11. Shielding factor of 134Cs compared to the shielding factor of 137Cs for
source region positions on top of the modules (red crosses, the black line has a
slope of 1). (For interpretation of the references to color in this ﬁgure legend,
the reader is referred to the Web version of this article.)
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Abstract
In the recovery phase after a radioactive release incident, it is important to be
able to focus decontamination operations on the areas that contribute most to
the radiation dose. Monte Carlo simulations were applied to determine the
shielding effect of a building against radiation from various directions, also
giving information on the dose contributions at various locations inside the
building from speciﬁc areas outside. The concept of the isodose was devel-
oped to optimise decontamination activities, and was applied as isodose lines
to deﬁne the smallest areas that lead to a certain dose reduction through
decontamination of areas surrounding the building. The shape and position of
the isodose lines depend on the building’s geometry, wall thickness, and
material, and on the observation point inside the building. Calculations have
been made with a surface resolution of 1 m2 for four observation points in a
modular building, assuming depositions of 137Cs and 60Co on the ground
surface and on the roof, as well as 1 cm below the ground surface to represent
ground penetration. For example, a ten times as large area would have to be
decontaminated to increase the dose reduction from 10% to 30%, if it is
assumed that all the contamination is located at a depth of 1 cm.
Keywords: shielding factor, isodose, ground penetration, Monte Carlo
simulations
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1. Introduction
After an airborne release of radionuclides to a populated area, external gamma irradiation
from deposited radioactive material can contribute considerably to the radiation exposure of
inhabitants. The shielding of gamma radiation by buildings can reduce this exposure, but
since buildings generally have complex geometries their shielding properties will vary
depending on where the radionuclides are deposited, and in which parts of the building the
residents spend most of their time. Thorough and consistent removal of a topsoil layer can
remove more than 90% of the contamination from the surface (Andersson 2009a), but
equipment, consumables, and skilled personnel are required, and the resulting costs can be
high depending on the area to be treated (Roed et al 2006). To minimise these costs while
achieving a satisfactory dose reduction, it is useful to have information on exactly which areas
it would be most beneﬁcial to decontaminate, taking into account the shielding properties of
local buildings.
Since the geometry of buildings is too complex for simple methods such as the point
kernel model, Monte Carlo calculations are needed to calculate their shielding properties
(Jensen and Thykier-Nielsen 1989). The applicability of the transport code MCNP6 (Goorley
et al 2012) in determining exposure reduction for a modular building type has been
experimentally veriﬁed in a previous study by our group (Hinrichsen et al 2018). The focus in
that study was on the comparison of experimentally determined and theoretically calculated
shielding factors for 137Cs and 60Co sources that were positioned around and on top of a
modular building, showing that an agreement within 2% can be obtained. As the next step, the
aim of this study was to use the MCNP6 code to illustrate how the shielding properties of a
modular building vary depending on the source location with respect to a number of different
observation points (selected points where people could be located) inside the building.
Furthermore, the isodose concept for the optimisation of decontamination activities is
introduced. In its application as isodose lines for a two-dimensional source area, for example,
a ground or roof surface, the concept illustrates the extent to which the surrounding areas
contribute to the external radiation exposure at the observation points inside a building. This
could, in turn, be used to show how the decontamination of surfaces or replacement of topsoil
can be optimised in an emergency situation by determining the surfaces that contribute most
to the external radiation exposure at the various observation points while taking ground
penetration into consideration, which is especially relevant for wet deposition scenarios
involving, for example, nuclear power plant releases and nuclear weapons fallout.
2. Materials and methods
2.1. Concept of the shielding factor
Buildings naturally provide some shielding against radiation from the ground and from
miscellaneous contamination of all outdoor surfaces (including soil, roofs, walls, windows,
and pavements), vegetation, and in the air (primary contaminant plume or resuspended
radioactive matter). In the case of wet deposition of nuclear fallout, the contamination on the
ground can generally be expected to contribute most to the total dose integrated over long
periods of time (assuming that areas of soil in the local inhabited environment are not
insigniﬁcant) (Andersson 2009b). Several different, and sometimes confusing, terms have
been used to describe the shielding effect of a building, such as the shielding factor, reduction
factor, or protection factor. The term shielding factor is used here to describe the reduction of
the absorbed dose rate inside the building compared to the absorbed dose rate outside the
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building, and represents the reduction of the absorbed dose rate by attenuation and scattering
as the radiation passes through matter. Absorbed dose here refers to the absorbed dose free
in air.
The shielding factor, Sbld, at a point inside a building acting on a radiation source outside










where Dbld˙ is the absorbed dose rate at a point inside the building, and Dref˙ is the absorbed
dose rate that would be measured at the same point if the building were removed after the
radionuclide deposition. This factor is based on the barrier shielding factor concept, which
was originally deﬁned by Spencer (1962) and compares the dose rate at a given position
resulting from the same source to the dose rate at the same position when the building is
replaced with air. Barrier shielding depends on the energy of the gamma radiation and on the
composition and thickness of the absorbing material. Barrier shielding will also depend on the
direction of the incident radiation on the building, since the attenuation will be higher when
radiation is incident at oblique angles. Thus, barrier shielding varies with the angular direction
of the photon ﬂuence, and depends on the actual geometry of the source. The angular barrier
shielding factor is therefore a function in two dimensions, the vertical and the horizontal.
For the sake of completeness it should be mentioned that a second concept was devel-
oped by Spencer (1962), called geometry shielding, which compares the dose rate at one
position resulting from a given source when the building is replaced by air to the dose rate
above an inﬁnite, uniformly contaminated plane surface source at a reference height of 1 m.
Geometry shielding can be combined with the barrier shielding concept by multiplication.
The resulting factor is, amongst other terms, called the reduction factor.
The focus of this study is on barrier shielding and the angular contribution to the
absorbed dose from 137Cs and 60Co sources on the surrounding ground, and on top of the
same modular building (ﬁgure 1) as used in our previous study (Hinrichsen et al 2018). The
term ‘shielding factor’ is used in the following sections because this study is concerned only
with barrier shielding.
Figure 1. Bird’s-eye view of the model of the modular building.
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2.2. Introducing the concept of the isodose
Examination of the distribution of angular shielding factors around building structures leads
to the conclusion that some contaminated areas have a higher inﬂuence on the radiation
exposure inside the building than others. Considering that the distance between a given
observation point inside the building and a given surface source element outside the building
also inﬂuences the radiation exposure at the observation point, it is interesting to study which
contaminated areas have the highest impact on the radiation exposure indoors. This could be
helpful in optimising decontamination activities after the release of radioactive substances and
reducing the resulting waste.
In this study, an observation point i is deﬁned such that it can be inside or outside the
building, and its position is described by the vector ri

in three-dimensional space. The
absorbed dose resulting from gamma-emitting radionuclides over an inﬁnitesimal volume, dV,
located at the positions r

, can be determined at this point. The dose contribution from dV to
the observation point i, here denoted by the dose contribution density riD,r ( ), can be
determined at each point in space by, for example, deﬁning a certain radionuclide con-
tamination on a surface, or by deﬁning it as 0 inside the building. Thus, the total dose Di,¥ at
observation point i can be determined by the following integral:
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To determine the areas with the highest dose contribution, the concept of the ‘isodose’
was developed in this study, and is deﬁned below.
Deﬁnition. The isodose IDi,k is deﬁned by the outer boundary of one or more zones in space
that contribute, for the most part, a given fraction k to the dose at the observation point i. In
the case where riD,r ( ) is a continuous function with the maximum iD, ,maxr < ¥, the isodose
IDi,k can be chosen from the range ID0 i k i, D, ,maxr< < and the fraction of dose contribution
ki resulting from the zone or zones determined by the isodose is given by
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When riD,r ( ) is not a continuous function for the entire space, for example, due to
limitations of the considered space, the concept of the isodose is still applicable for jump
discontinuities. In such a case, the left- and right-hand limits exist, and the respective point
can be applied over the entire range of dose contribution densities that lie within the left- and
right-hand limits.
These equations apply to a single observation point inside the building, but in a real
fallout situation, decontamination must be performed in such a way that a substantial dose
reduction is achieved throughout the entire building. To obtain a measure of the effective
shielding obtained in a building by a given decontamination measure, the times spent by the
residents in various parts of the building must be accounted for. Therefore, so-called occu-
pancy factors pi for various observation points can be applied to equation (3), resulting in
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Based on this deﬁnition, the concept of the isodose can also be applied to two-dimen-
sional dose contribution densities riD,r ( ), for example, on speciﬁc surfaces or on the ground
surrounding the building. This can be done in some cases for the sake of simpliﬁcation, when
the depth distribution under a surface (e.g. fallout in the ground) is neglected.
2.3. Applying the concept of the isodose
In reality, we do not know the dose contribution density of the space (equations (2) to (4)),
and thus the concept must be applied for different scenarios. The ﬁrst scenario could be a
contaminated ground surface around a building. The depth distribution is neglected for the
sake of simpliﬁcation because it differs from point to point in a real fallout situation (see e.g.
Östlund et al 2017). Therefore, this application of the isodose concept is two-dimensional,
and the areas giving the highest dose contribution for a given source–building geometry can
be determined using the following step-by-step procedure. To provide a better understanding,
the relevant quantities are listed in table 1.
Table 1. Overview of the relevant quantities in the determination of the isodose.
Symbol Name
Aj Size of subarea j
D∞ Total dose weighted for several observation points
Di Dose at observation point i
Di,j Dose at observation point i resulting from contamination of subarea j
Di,¥ Total dose at observation point i
Dj Dose weighted for several observation points resulting from contamination
of subarea j
i Observation point index
j Subarea index
IDi,k Isodose for the fraction of dose contribution k to observation point i
IDk Isodose for the fraction of dose contribution k weighted for several obser-
vation points
k Fraction of dose contribution weighted for several observation points




Any point in the deﬁned space
ri

Position of observation point i
ρD Dose contribution density weighted for several observation points
iD,r Dose contribution density to observation point i
ρD,i,j Dose contribution density for observation point i resulting from con-
tamination of subarea j
ρD,j Dose contribution density weighted for several observation points resulting
from contamination of subarea j
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Step 1. The dose resulting from the entire contaminated surface at observation point i D, i,¥
is determined, as well as the contribution to the dose from smaller parts of the surface Di,j.
The size of areas Aj is chosen by reasonability based on the applied scenario. The dose
contribution density is then calculated for each subarea using the relation ρD,i,j=Di,j / Aj. If
more than one observation point is considered, this process must be repeated for all points,
and the results weighted with their respective occupancy factors pi: D D pj i i i= å · for the
dose contribution, and D p AD j i i j i j, ,r = å · for the dose contribution density.
Step 2. The subarea j with the highest dose contribution density for the observation point
ρD,i,j or weighted dose contribution density ρD,j is then determined.
Step 3. The fraction of dose contribution ki is then calculated by dividing the dose
contribution Di,j by the dose resulting from the entire contaminated surface Di,¥ for one
observation point, or for the weighted fraction of dose contribution k by dividing Di,j
by D D pi i i,= å¥ ¥ · .
Step 4. This subarea j now represents the area with a fraction of dose contribution ki or k
surrounded by the isodose criterion IDi,k and IDk. IDi,k and IDk are in turn deﬁned here by
their respective dose contribution densities ρD,i,j or ρD,j.
Step 5. The subarea j with the next highest dose contribution density for observation point
ρD,i,j or weighted dose contribution density ρD,j is then determined.
Step 6. The fraction of dose contribution ki is calculated by dividing the sum of all dose
contributions from the subareas so far determined in steps 2 or 5, D j ID:j i j i j i k, D, , ,rå " , by
the dose resulting from the entire contaminated surface Di,¥ for one observation point using
the isodose IDi,k as the criterion equalling the dose contribution density ρD,i,j of the subarea j
that was determined in step 5. This must be done for the weighted fraction of dose
contribution k by dividing the weighted sum of all dose contributions considered
D j ID:j j j kD, rå " by the weighted dose resulting from the inﬁnite contaminated surface
D∞, again using the isodose IDk as the criterion equalling the dose contribution density ρD,j of
the subarea j that was determined in step 5.
Step 7. The subareas j ID: i j i kD, , ,r or j ID: j kD, r that were determined in steps 2 or 5
now represent the area or areas with a fraction of dose contribution ki or k surrounded by the
isodose criterion IDi,k or IDk, which are deﬁned here by their respective dose contribution
densities ρD,i,j or ρD,j, as in step 6.
Step 8. Repeat steps 4–7 until all subareas have been considered.
These steps can be expressed more mathematically for one observation point by
k D D j ID: 5i
j
i j i i j i k, , D, , ,å r= "¥ ( )
and for more than one observation point by
k D D j ID: . 6
j
j j kD, å r= "¥ ( )
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If the sizes of areas Aj are numerically equal, the procedure can be simpliﬁed because the
determination of the dose contribution density for each subarea becomes unnecessary, and the
dose contribution per subarea can be compared with the isodose IDi,k multiplied by the size of
one subarea A. Mathematically, equation (5) for one observation point can be transformed
into
k D D j D ID A A A: 7i
j
i j i i j i k j, , , ,å= "  =¥ · ( )
and equation (6) for more than one observation point into
k D D j D ID A A A: . 8
j
j j k jå= "  =¥ · ( )
2.4. Description of the calculations
The Monte Carlo calculations for the modular building scenario were performed with the
transport code MCNP6 (Goorley et al 2012), using the cross-section data set ENDF/B-VII.0
(Chadwick et al 2006). Among other processes, it accounts for photon creation and loss
through relevant mechanisms such as bremsstrahlung, ﬂuorescence, Compton scattering,
photon capture, pair production, and p-annihilation. The code allows for the deﬁnition of
complex three-dimensional geometries through a combinatorial geometry technique. The
deﬁnition of the geometry is based on the construction drawings and descriptions made
available by Bilsby® (Bilsby®, n.d), and based on measurements of a real modular building,
including an additional construction of breeze blocks that was used in our previous study
(Hinrichsen et al 2018) (ﬁgure 1). The regions in space were constructed by a logical
combination (union, intersection, difference) of elementary geometric bodies and surfaces.
Data from various databases (McConn et al 2011) were used to assign the material speciﬁ-
cations with deﬁnite atomic compositions and densities as the input for the different building
structures and environmental regions.
137Cs sources with a primary gamma energy of 0.662MeV, and 60Co sources with
primary gamma energies of 1.173MeV and 1.332MeV, taking into account the emission
probabilities of 0.998 5 photons per disintegration for a primary gamma energy of 1.173MeV
and 0.999 826 photons per disintegration for a primary gamma energy of 1.332MeV, were
assumed. The source regions were deﬁned as cylinders with a diameter and height of 1 cm, on
a 1 m×1 m grid, up to a lateral distance of 10 m from the sides of the modular building at the
bottom of the modules and, additionally, at the top of the modules. For the assumption of
homogeneous contamination, interpolation methods were applied to the results of the grid
points. Internal scattering within the source material was neglected, and no (extra) material
composition was assigned to the source regions. Separate Monte Carlo computations were
performed for reference values without the building, in the same way as in the calculations
when the building was present (Dref˙ in equation (1)). Calculations with an inﬁnite surface
source on ground level, excluding the area of the modular building, were performed to
determine the isodose lines. Furthermore, calculations were performed for surface sources of
various radii centred in the centre of the modular building on the ground and 1 cm beneath it,
to determine the impact of ground penetration.
The composition of the soil surrounding the building was based on data in a material
compendium (McConn et al 2011). The soil in the model was deﬁned as a 5 m deep slab, and
the air above as a 500 m high slab, to take possible scattering effects into account. The
observation points were deﬁned as air-ﬁlled spheres with a diameter of 30 cm, for which the
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absorbed dose free in air was calculated. The four detector regions were centred at the
corresponding observation points 1 m above the ﬂoor of the modules (ﬁgure 2). Detector
region No. 1 was centred at the observation point in the middle of the breeze block structure,
No. 2 in the middle of one half of one module, No. 3 0.5 m away from a window, and No. 4
opposite a doorway and an opening between the modules. These locations were chosen
because they represent different parts of the building, and are the same as those used in our
previous study (Hinrichsen et al 2018). The number and energies of the gamma particles
passing through these regions were determined. The ﬂuence was then transformed into dose
using conversion coefﬁcients (ICRP 2010).
Several techniques can be applied to reduce the variation in the results below a standard
deviation of 5% with acceptable computation times in MCNP6. The deﬁned regions in space
are called cells, and weight windows were generated for each cell. The number of a particleʼs
weight in MCNP6 represents the number of physical particles, which in these calculations are
photons. Different random walks are represented by one MCNP particle. A lower bound on
the weight of particles in each cell is deﬁned by the user, and the upper weight bound is a
speciﬁed multiple of the lower bound. These weight bounds deﬁne a window of acceptable
weights. If the weight of a particle emitted from the source and generated by interactions with
Figure 2. Observation points inside the modular building. The walls at each end of the
building have two windows each. The left and right walls have one door each, and there
is a opening connecting the two modules. The U-shape in the top-left corner represents
the breeze block structure (lightweight expanded clay aggregate).
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the materials is below the lower weight bound, then the weight of the particle is randomly
increased to a value within the window, or it is not included in the calculations. If the weight
of a particle is above the upper limit, it is split so that its parts are within the window. No
action is taken for particles with weights within the window. The weight windows were
determined using Weight Window Generator, which estimates the importance of the cells in
space. The importance of cells is deﬁned as the expected score generated by a unit weight
particle after entering the cell. The average importance of each cell can be estimated using the
cell-based generator.
3. Results and discussion
3.1. Shielding factors around a modular building
In order to illustrate the inﬂuence of the position of the sources around the building on the
shielding factor (equation (1)), the results for 137Cs and 60Co are plotted in heat maps for all
four observation points deﬁned above (ﬁgure 3). The shielding factor is substantially lower at
observation point No. 1 (inside the breeze block construction) than at the other observation
points. At this point, the overall average shielding factor is 0.29±0.20 (1 SD) for 137Cs and
0.37±0.21 for 60Co. The shielding factors at the other points were about 0.72±0.22 for
137Cs and 0.77±0.21 for 60Co.
For 137Cs, the shielding factor of one module wall is 0.90±0.01 and for one breeze
block wall 0.25±0.01; meanwhile, the corresponding values for 60Co are 0.94±0.01 and
0.32±0.01, respectively. As can be seen from the plots in ﬁgure 3, even the doors and
windows provide slightly better shielding than the module walls. The shielding factors
determined for the doors and windows are 0.89±0.01 and 0.85±0.01 in the case of 137Cs,
and 0.93±0.01 and 0.87±0.01 in the case of 60Co. All other shielding factors can be
determined from combinations of these factors and the angles at which the radiation passes
through the different materials. The impact of the angle of incidence at the observation point
on the shielding factor depends on the increasing septum length of the material traversed by
the gamma photons as the distance between the surface source element and the observation
point decreases (close to the building). This effect is especially evident when the breeze block
structure is in the line of sight between the source and the observation point. Hence, as the
angle between the incoming radiation and wall approaches 90°, while moving farther away
from the observation point, the radiation penetrates less material, and thus the shielding factor
is higher.
3.2. Shielding factors on top of a modular building
In order to demonstrate the inﬂuence on the shielding factor of different source positions on
top of the building, the results for 137Cs and 60Co are plotted for the four observation points in
the case of surrounding deposition (ﬁgure 4). The shielding factor is substantially lower at
observation point No. 1 (inside the breeze block construction) than for the other observation
points. At this point, the overall average shielding factor is 0.32±0.30 (1 SD) for 137Cs and
0.38±0.29 for 60Co. The shielding factors for the other points were about 0.59±0.22 for
137Cs and 0.66±0.19 for 60Co.
All other shielding factors can be determined as combinations of radiation passing
through the roof and then a module or brick wall, taking the angles at which the radiation
passes through the different materials as well as backscattering effects into account.
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3.3. Monte Carlo computed isodose lines around a modular building
The concept of the isodose, in its simpliﬁed application for same-sized subareas, described in
equation (7), was applied to a case where decontamination would lead to different reductions
in the absorbed dose, depending on which of the four observation points is being considered.
Homogeneous ground contamination surrounding the modular building was assumed. The
results are presented graphically as isodose lines in ﬁgure 5 for 137Cs and for 60Co.
It can be seen in ﬁgure 5 that the shapes of the areas encompassed by the isodose lines for
a given observation point are relatively similar for both radionuclides. The zones are larger for
60Co since the source energy is higher than in the case of 137Cs. To give a better idea of the
size of the area that would have to be decontaminated to achieve a certain reduction in relative
dose, the values are presented in table 2, together with the primary dose factor calculated for
an inﬁnite contaminated ground surface. The primary dose factor is directly related to the dose
Figure 3. Computed angular shielding factors according to source region position
around a modular building, at four different observation points inside the building
(indicated by the red dots) for 137Cs and 60Co.
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to the residents when no decontamination measures are taken, and is given in pGy per γ mm−2
representing the dose (pGy) that would be caused by a homogeneous ground contamination for
an source strength of one gamma photon per unit area (γ mm−2).
The values vary signiﬁcantly depending on the observation point, especially regarding
the inﬂuence of the breeze block structure or walls, which cause radiation backscattering.
There also appears to be an inverse correlation between the primary dose factor at a given
Figure 4. Computed angular shielding factors according to the source region position
on top of a modular building at four different observation points inside the building
(black dots) for 137Cs and 60Co.
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observation point attributed to an inﬁnite contaminated ground and the size of the deconta-
minated surface required to reduce this dose by a certain fraction. The lower the unremediated
dose, the larger the size of the area that must be decontaminated to achieve a certain
percentage of dose reduction.
3.4. Monte Carlo computed isodose lines on top of a modular building
The concept of the isodose applied to a two-dimensional area, as described by equation (5),
was also applied to the roof of the building to determine the areas that would have to be
decontaminated to achieve different degrees of reduction of the absorbed dose at the four
Figure 5. Isodose lines around a modular building at four different observation points
inside the building (red dots) for 137Cs and 60Co. The shading indicates the fraction of
dose contribution to the observation point including the areas that were determined for
lower fractions of dose contribution. When the outside line for a certain dose reduction
reaches the limit of the calculation grid, its shape might differ for a larger
calculation grid.
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different observation points. The results are presented graphically as isodose lines in ﬁgure 6
for 137Cs and for 60Co.
It can be seen from the ﬁgure that most of the dose contribution from the roof results
from a small area over each observation point. As in the case of ground penetration, the
isodose lines for each observation point have similar shapes for the different zones and for
both simulated radionuclides. Furthermore, the zones for 60Co are larger since the emitted
photon energy is higher than for 137Cs.
3.5. Isodose lines based on more than one observation point
So far, four separate observation points representing different parts of the building have been
used to determine isodose lines. In the next step, occupancy factors (pi in equation (8)) are
applied to determine isodose lines assuming a contaminated ground surface in order to obtain
isodose lines that are more representative of the doses in the building as a whole. Since it was
observed that a smaller area had to be decontaminated to achieve a given dose reduction in the
case of a high unremediated absorbed dose Di,¥ at a given observation point, the occupancy
factors were chosen in proportion to the primary dose factors p D Di i i i, ,= å¥ ¥. The results
are presented graphically in ﬁgure 7. The size of the area that must be decontaminated to
achieve dose reductions of 10%, 20%, and 30% are 39 m2, 125 m2, and 297 m2 , respectively,
for 137Cs, and 45 m2, 145 m2, and 353 m2, respectively, for 60Co. For the modular building
studied, the primary dose factor based on the occupancy factors was determined to be
423 pGy per γ mm−2 for 137Cs and 788 pGy per γ mm−2 for 60Co. In comparison with the
values in table 2, it can be seen that the inverse relation between the primary dose factor and
area size is still valid.
No isodose lines were determined for the roof taking all observation points into account
since the results for the single observation points showed that the main dose contribution is
from a small area over the observation point.
3.6. Impact of ground penetration
In order to study the impact of ground penetration on the size of an area encompassed by a
given fraction of dose reduction, the absorbed doses resulting from contaminated circular
Table 2. Area (m2) that would hypothetically have to be decontaminated to achieve
various degrees of dose reduction at the four observation points in the case of 137Cs and
60Co contamination. All contamination is assumed to be on the soil surface.
Observation
point Radionuclide
Primary dose factor before
decontamination
Dose reduction
(pGy per γ mm−2) 10% 20% 30%
1 137Cs 173 48 155 396a
60Co 394 51 168 450a
2 137Cs 446 23 88 251
60Co 829 27 106 303
3 137Cs 489 15 58 172
60Co 908 18 73 221
4 137Cs 425 30 117 292
60Co 804 37 140 349
a
The values for 30% dose reduction at observation point No. 1 were determined using a limited
calculation grid; these results may differ with a larger calculation grid.
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areas of various sizes centred in the centre of the modular building on the ground were ﬁrst
calculated, and then divided by the absorbed dose resulting from an inﬁnite ground source.
The same calculations were then performed for a scenario with contamination to a depth of
1 cm beneath the ground surface to simulate ground penetration of the fallout some time after
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Figure 6. Isodose lines on top of a modular building at four different observation points
inside the modules (black spot) for 137Cs and 60Co. The areas of different colours represent
the fraction of dose contribution to the observation point including the areas that were
determined for lower fractions of dose contribution.
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(e.g. Östlund et al 2017). Calculations were only performed for a 137Cs source, and the results
are presented in ﬁgure 8.
From ﬁgure 8 it can be seen that decontaminating an average area of 1000 m2 would
reduce the total absorbed dose contribution by about 45% without ground penetration, and by
about 65%–70% with ground penetration. To study the impact of ground penetration in more
detail, the size of circular area A that would have to be decontaminated to obtain a certain
reduction in the dose contribution f can be described by the following mathematical
expression:
A f a f c a b cln 1 59.4, , , 0. 9b 2= - - + - >( ) ( · ( ( )) ) ( )
Figure 7. Isodose lines around a modular building for 137Cs (left) and 60Co (right) using
occupancy factors according to the primary dose for the four observation points. The
areas of different colours represent the fraction of dose contribution including the areas
that were determined for lower fractions of dose contribution.
Figure 8. Size of a circular area that would have to be decontaminated to achieve a
certain reduction in the total absorbed dose contribution at the four observation points
(OP) inside the modular building. The continuous line indicates the average over all
observation points without ground penetration, and the dashed line indicates the
average over all observation points assuming ground penetration.
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Regression analysis can be used to obtain a, b, and c for each scenario, and the values are
presented in table 3. The ground area of the modular building is 59.4 m2.
Comparing the values in table 3 shows that a smaller area would have to be deconta-
minated in the case of ground penetration to obtain the same fractional dose reduction as in
the case without ground penetration. Figure 9 shows the ratio of the area that would have to
be decontaminated without ground penetration to the area that would have to be deconta-
minated with ground penetration to obtain the same fractional dose reduction.
The ratios in ﬁgure 9 vary between 1 and 5.5, showing a peak at a dose reduction in the
range of 40% to 55%. In the case of real fallout situations, it should be kept in mind that
according to the International Commission on Radiological Protection (ICRP) the key dose
parameter to be considered in connection with decisions on interventions in a contaminated
area is the residual dose, which is integrated over a long time for long-term interventions
(ICRP 2007). Further factors are the costs and amount of generated waste that are caused by
respective countermeasures, as well as the possible risk of erosion that could be increased by
Figure 9. Ratio of the area that would have to be decontaminated without ground
penetration to the area that would have to be decontaminated with 1 cm ground
penetration to obtain the same fractional dose reduction at the four observation
points (OP).
Table 3.Values of the variables in equation (9) describing the fraction of absorbed dose




Without ground penetration 1 68.6 1.72 9.57
2 52.5 1.79 9.75
3 44.4 1.82 9.57
4 49.6 1.69 9.75
With 1 cm ground penetration 1 31.5 2.33 9.57
2 21.3 2.50 9.75
3 14.6 2.50 9.93
4 22.9 2.44 9.57
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topsoil removal over large areas and the resulting social, environmental, and ethical factors
(Roed et al 2006). Downward migration of the contamination in soil over time can lead to
different fractional contributions to the dose from contamination at different distances, as can
be seen in ﬁgure 8. Therefore, to fully comply with the ICRP recommendations, in a ‘real’
situation, each calculated dose contribution at a given depth should be multiplied by the
predicted fraction of the contamination present at that depth at each time, and it should all be
integrated over time to give a committed dose over a given time span (e.g. 70 years).
Downward penetration will depend greatly on the soil type and status, weather conditions,
human and other impact, as well as on the physiochemical characteristics of the contaminants.
These factors were neglected in this illustration of the method for the sake of simplicity, but
they should be taken into account in realistic cases.
4. Conclusions
This study demonstrated the inﬂuence of various building materials and the angle of incidence
of radiation on the shielding factor in a modular building, using the Monte Carlo model
MCNP6. For example, the breeze block structure provides the most efﬁcient shielding, with
about a three times lower shielding factor than the walls of the modules. Even the doors and
windows exhibit slightly lower shielding factors than the walls. Furthermore, the concept of
the isodose, deﬁning an area with a given dose contribution to a deﬁned observation point
inside the building, was introduced. Such isodose lines can be used to illustrate the extent of
surrounding areas that must be decontaminated to achieve a certain dose reduction, depending
on the observation point. It was found that the shape of the surface encompassed by the
isodose lines did not change with increasing gamma energy of the incident photons, but the
area requiring decontamination to achieve the same percentage of dose reduction increased
with higher gamma energies. An inverse correlation was found between the primary dose
factor and the size of the area that has to be decontaminated to achieve a certain dose
reduction. To optimise decontamination activities for a residential building living habits
inside the building must be considered, and a combination of primary dose factors for a
number of observation points must therefore be used, depending on the occupancy times of
the residents. When assuming 1 cm deep ground penetration, a decrease of up to 60% in the
area requiring decontamination was found compared with surface deposition. This means that
a substantially smaller area will have to be decontaminated to achieve a given reduction in
dose after allowing time for the gradual migration of the deposition.
In conclusion, the isodose concept shows promise for comparing the effects of decon-
taminating different surface areas, of different primary gamma energies, and of different
degrees of ground penetration. Further studies are required on the application of these ﬁnd-
ings to other types of buildings, as well as on the choice of a representative indoor obser-
vation points for such buildings, in order to develop this method into a practical and useful
instrument for the optimisation of countermeasures in cases of radioactive fallout in inhabited
areas.
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Abstract.
To improve the estimation of external gamma irradiation from deposited
radioactivity in urban environments a model of a modern office or residential
building with glass facades was set up with eleven different building heights.
Kerma conversion factors for the floors inside the building from contamination
on different types of surfaces were determined by using the Monte Carlo code
MCNP6 for the primary gamma energies 0.3 MeV, 0.662 MeV and 3.0 MeV and
for three different environmental scenarios. The kerma conversion factors were
expressed as formulas for each possible deposition area for contaminants. The
importance of the determined factors was shown by comparing them to previously
generally used factors for multistorey house blocks.
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1. Introduction
After an airborne release of radionuclides to inhabited environments, external gamma
irradiation from deposited radioactivity can contribute considerably to the radiation
exposure of the population (Golikov et al. 2002). The shielding of gamma radiation
by buildings can, however, reduce this exposure and sheltering of inhabitants is one of
the principal countermeasures considered for areas potentially affected by radioactive
release. Detailed knowledge of the shielding properties of buildings is therefore an
important component of risk assessment in radiological emergency preparedness.
As the geometry of building structures is too complex for simple methods such as
the point kernel model (Spencer et al. 1980), Monte Carlo calculations are needed to
calculate the kerma as shown in a comparison performed by Jensen & Thykier-Nielsen
(1989). The shielding properties and the resulting kerma rate can vary greatly for
different types of buildings depending on the size of the building and its construc-
tion characteristics, on the energy spectrum of the radionuclides, on the distribution
of the contaminants on the different surfaces and on the type of environment (e.g.
Meckbach et al. 1988) leading to the use of Monte Carlo simulations in the late 1980s
at the GSF (now the Helmholtz Zentrum Mu¨nchen German Research Centre for En-
vironmental Health) (Meckbach et al. 1988, Jacob & Meckbach 1987, Meckbach &
Jacob 1988, Meckbach et al. 1987). An early Monte Carlo code SAM-CE (Lichtenstein
et al. 1979) was applied to calculations for four different types of houses. Inhabited
area external dose estimates in the European standard decision support systems AR-
GOS and RODOS rely entirely on these few old datasets. Monte Carlo calculations
were repeated for the semi-detached house by Meckbach et al. (1988) using the modern
code MCNP6 (Goorley et al. 2012), and similarities and deviations within the order
of magnitude for different parts of the building are described in a paper that is still
to be published (Hinrichsen & Andersson 2018).
The applicability of the transport code MCNP6 in determining exposure reduc-
tion for a modular building type has been experimentally verified in a previous study
by our group (Hinrichsen et al. 2018). Further Monte Carlo simulations were per-
formed for an industrial area (Kis et al. 2003, Kis et al. 2004), for various scenarios of
U.S. residential structures (Dickson & Hamby 2014, Dickson & Hamby 2016, Dickson
et al. 2017), for typical houses in Brazil (Salinas et al. 2006), and typical buildings
in Japan (Furuta & Takahashi 2015). To the best of our knowledge such simulations
have not previously been performed for buildings with glass facades that can be found
in many cities now as a part of modern architecture or buildings with similar shielding
properties. Therefore, the aim of this study was to set up a model of a modern glass
building, derive the kerma conversion factors from different contaminated surfaces and
compare them with the respective values that were derived for a multistorey house
block (Meckbach et al. 1988) that would so far be applied in emergency management
decision support for any high rise urban building.
2. Materials and methods
The Monte Carlo calculations for the setup of modern buildings were performed with
the transport code MCNP6 (Goorley et al. 2012), using the nuclear cross-section data
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set ENDF/B-VII.0 (Chadwick et al. 2006). Among other processes, it accounts for
photon creation and loss through relevant mechanisms such as bremsstrahlung, fluo-
rescence, Compton scattering, photon capture, pair production and p-annihilation.
The code allows for the definition of complex 3-dimensional geometries through
a combinatorial geometry technique. The definition of the geometry is leaned on the
construction drawings and descriptions of a real glass building in the city of Copen-
hagen that were made available by the Technical and Environmental Administration
of the Municipality of Copenhagen (Teknik- og Miljøforvaltning Københavns Kom-
mune) and was applied to 11 different heights of the building from one storey till 11
storeys for a single house scenario that stands alone, for a park scenario with 3 houses
in a row, and for a city scenario with a square of 3 x 3 houses (Figures 1 to 4). The
outer walls are made of 2 layers of 1.2 cm thick glass with 97.6 cm air in between
them. In the middle of the building (see Figures 1 and 2) is an atrium covered by a
roof of 2.4 cm thick glass. It is not surround by any wall as it is usually surrounded by
railings on the different floors. The house contains six shafts for stairs and elevators
going from the basement up to the top of the building (see Figures 1 and 2). Their
surrounding walls are made of 30 cm thick concrete. The building is furthermore based
on sixty concrete columns (indicated by small circles in Figure 1) with a diameter of
60 cm going from the basement building. The intermediate floors and the roof are
made 22 cm thick concrete and the basement is surrounded by 40 cm thick concrete
to the bottom and to the sides. The spheres in Figures 1 to 4 indicate the positions
of the tree canopies. As foliage on trees constitute a very efficient aerosol/rain filter,
the contamination on the stem and braches will be of comparatively little importance
(Roed 1988) and is not considered in the model.
Figure 1. Horizontal cut of the glass building.
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Figure 2. Vertical cut of the glass building for the largest height of eleven storeys.
Figure 3. Horizontal cut of the park scenario.
The regions in space were constructed by a logical combination (union, intersec-
tion, difference) of elementary geometric bodies and surfaces. Data from a material
compendium (McConn Jr et al. 2011) was used to assign the material specifications
with definite atomic compositions and densities as summarized in Table 1 to the input
for the different building structures and environmental regions.
Table 1. Material specifications with definite atomic compositions (rounded) and
densities that were used for the Monte Carlo calculations.
Material Atomic composition Density in kg/l
Air 0.02 % C; 78.44 % N; 21.07 % O; 0.47 % Ar 0.001205
Concrete 8.47 % H; 60.41 % O; 1.25 % Na; 2.48 % Al; 24.19 %
Si; 2.72 % Ca; 0.47 % Fe
2.25
Glass 60.39 % O; 8.81 % Na; 25.18 % Si; 5.62 % Ca 2.4
Soil 31.69 % H; 50.16 % O; 4.00 % Al; 14.16 % Si 1.52
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Figure 4. Horizontal cut of the city scenario.
For each height and scenario separate computations were performed for sources
that were defined as surfaces on top of the ground, trees, walls, and roofs. The source
energies were monoenergetic sources of 0.662 MeV representing 137Cs, which has been
of main concern regarding long term effects (Imanaka et al. 2015) in connection with
the Chernobyl and Fukushima incidents, 0.3 MeV or 3.0 MeV to get an impression of
the behaviour of the kerma for lower and higher primary gamma energies.
The detector regions were defined as air-filled spheres with a diameter of 30 cm
and eighteen of them were positioned in various part of each floor 1 m above the level
of the respective floor of the building. In those regions, the number and energies of
the gamma ‘particles’ passing through were scored. By using conversion coefficients
(ICRP 2010), the fluence was transferred to air kerma free-in-air and averaged over the
eighteen detector regions in each floor. Furthermore, the code provides ten statistical
tests that are performed on each defined detector region (called tally in MCNP). Those
tests are a valuable tool to ascertain reliable statistical quality of the respective results.
Internal walls inside the building were not modelled, because in these modern
buildings they are not part of the building. They are usually made of gypsum (around
12 cm thick) and can be built up and removed quickly. To get an idea about their
shielding effect extra simulations were performed leading to the results that the kerma
will be reduced by a factor of 0.72 for a primary gamma energy of 0.3 MeV, by 0.77
for a primary gamma energy of 0.662 MeV and by 0.86 for a primary gamma energy
of 3.0 MeV after passing one gypsum wall of 12 cm thickness.
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3. Results and discussion
3.1. Kerma conversion factors
With the Monte Carlo calculations the kerma (pGy) per emitted gamma photon (γ)
on the source was determined. This factor was multiplied with the size of the respec-
tive source area (mm2) to determine the kerma (pGy) for a source strength of one
gamma photon per unit area (γ mm-2) represented by K. These values were used as
a basis to fit a mathematical model for the kerma over them for each type of surface
at a given floor F inside a building of a height H with the smallest possible deviations.
The following mathematical expressions describe the kerma for all floors of the
glass building for all building heights, environmental scenarios, source energies and
source areas. H represents in the equations the height in terms of number of storeys
above ground level (excluding the basement there are H + 1 storeys). F represents
the floor inside the building from F = −1 (basement) through F = 0 (ground floor)
to higher floors (e.g. F = 5 is the fifth floor). F is of course restricted by the height
of the building (FH). All equations determine the kerma (pGy) for a source strength
of one gamma photon per unit area (γ mm-2) (K). By multiplying this factor with a
given contamination level (Bq mm-2) and the number of photons per disintegration (γ)
of the respective gamma energy, the kerma rate contribution for each gamma energy
emitted with determined kerma factors can be calculated. As the basement of the
building is more shielded than the rest of the building, an extra equation is necessary
for all contamination scenarios.
The development of the kerma per source strength inside a glass building caused
by contamination on the roof can be described by Equation (1) with the values of the
variables given in Table 2. The variable a expresses the kerma per source strength
in the floor directly under the roof, the term exp (−b · (H − F )c) the decrease of the
kerma with distance to the roof, and the term (1 + d · exp(−e ·F f )) the backscattered
radiation from the ground. The kerma in the basement decreases with the height of
the building as the distance to the basement increases (g · exp(−h ·Hi)).
K(F,H) =
{
a · exp(−b · (H − F )c) · (1 + d · exp(−e · F f )), ∀F ≥ 0
g · exp(−h ·Hi), ∀F = −1 (1)
Equation (2) with the values of the variables given in Table 3 describes the de-
velopment of the kerma per source strength inside a glass building caused by con-
tamination on the walls. The variable a expresses the maximal kerma per source
strength in a floor with several floors under and over it. The term (1−b ·exp(−c ·F d))
expresses the decrease of the kerma because of decreasing distance to the ground
and therefore smaller area of contaminated wall below this floor, and the term
(1 − e · exp(−f · (H − F )g)) the same effect of decreasing distance towards the roof
of the building. Furthermore, the term (1 − h · exp(−i · Hj)) expresses the impact
of the height of the building as the source area of the walls increases with height.
The kerma in the basement increases with the height and source area of the building
(1− l · exp(−m ·Hn)) towards a maximum value of k.
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Table 2. Values of the variables in Equation (1) describing the kerma per source
strength inside a glass building caused by contamination on the roof. ‘a’ and ‘g’
have the dimension pGy per γ mm-2. All other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 4.70 15.3 126
b 0.80 1.05 1.33
c 0.78 0.74 0.70
d 0.11 0.073 0.018
e 1.29 1.27 0.95
f 1.03 0.63 0.30
g 0.040 0.39 14.6
h 0.35 0.59 0.96
i 0.87 0.69 0.60
K(F,H) =
{
a · (1− b · exp(−c · F d)) · (1− e · exp(−f · (H − F )g)) · (1− h · exp(−i ·Hj)), ∀F ≥ 0
k · (1− l · exp(−m ·Hn)), ∀F = −1
(2)
Table 3. Values of the variables in Equation (2) describing the kerma per source
strength inside a glass building caused by contamination on the walls. ‘a’ and ‘k’
have the dimension pGy per γ mm-2. All other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 17.0 36.7 132
b 0.066 0.065 0.098
c 1.76 2.64 1.41
d 0.0064 0.45 0.87
e 0.12 0.12 0.15
f 1.84 1.92 1.62
g 0.39 0.42 0.74
h 0.096 0.037 0.025
i 0.25 0.59 1.46
j 0.60 0.71 0.86
k 0.040 0.30 7.42
l 0.34 0.35 0.41
m 1.40 2.38 1.63
n 0.17 0.31 1.33
The development of the kerma per source strength inside a glass building caused
by contamination on the ground can be described by Equations (3) and (4) with the
respective values of the variables given in Tables 4 to 6 depending on the environmen-
tal scenario. The variable a represents the kerma at the ground floor and the term
exp(−b · F c) the decrease of it towards the roof. In the scenarios with neighbouring
buildings skyshine has an impact on the floors closest to the roof, which is expressed
by the term (1 + d · exp(−e · (H − F )f )). The kerma in the basement is independent
from the height of the buildings and therefore stable. It is expressed by the value d in
the scenario without neighbouring buildings and by the value g in the scenarios with




a · exp(−b · F c), ∀F ≥ 0
d, ∀F = −1 (3)
Table 4. Values of the variables in Equation (3) describing the kerma per source
strength inside a glass building caused by contamination on the ground for a single
house without any neighbouring buildings. ‘a’ and ‘d’ have the dimension pGy
per γ mm-2. ‘b’ and ‘c’ are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 41.1 115 572
b 0.64 0.67 0.62
c 0.51 0.53 0.58
d 0.019 0.093 0.63
K(F,H) =
{
a · exp(−b · F c) · (1 + d · exp(−e · (H − F )f )), ∀F ≥ 0
g, ∀F = −1 (4)
Table 5. Values of the variables in Equation (4) describing the kerma per source
strength inside a glass building caused by contamination on the ground for a house
in a park scenario with two neighbouring buildings. ‘a’ and ‘g’ have the dimension
pGy per γ mm-2. All other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 34.5 95.7 475
b 0.70 0.73 0.69
c 0.50 0.51 0.54
d 0.035 0.026 0.015
e 0.37 0.48 0.52
f 1.88 1.51 1.33
g 0.017 0.082 0.55
Table 6. Values of the variables in Equation (4) describing the kerma per source
strength inside a glass building caused by contamination on the ground for a
house in a city scenario with eight neighbouring buildings. ‘a’ and ‘g’ have the
dimension pGy per γ mm-2. All other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 23.8 61.5 267
b 1.18 1.36 1.46
c 0.49 0.48 0.49
d 0.12 0.13 0.084
e 0.60 0.68 0.88
f 1.56 1.49 1.57
g 0.011 0.056 0.36
Neighbouring buildings contribute to the kerma by contamination on their roofs
and walls. Equation (5) with the respective values of the variables given in Tables 7
Kerma conversion factors for modern glass buildings 9
and 8 describe the development of the kerma per source strength inside a glass building
caused by contamination on the roofs of those neighbouring buildings. The variable a
expresses the kerma per source strength in the floor directly under the roof, the term
exp(−b · (H−F )c) the decreasing of the kerma with distance to the roof, and the term
(1 + d · exp(−e · F f )) the backscattered radiation from the ground. The kerma in the
basement decreases with the height of the building as the distance to the basement
increases (g · exp(−h · Hi)) for primary gamma energies of 0.3 and 0.662 MeV. For
primary gamma energies of 3.0 MeV an extra of −j · exp(−k ·H l) has to be added to
model the development of the kerma in the basement for different heights of the build-
ings. This may reflect a second relevant factor apart from the distance of source and
detector position. By looking at the direct line between source and detector position
can be seen that the distance of soil that has to be crossed, before the radiation reaches
the basement, decreases with increasing height of the building. Therefore, the kerma
in the basement at the beginning increases with increasing distance to the source as
this shielding effect seems to have a higher impact on the kerma development in these
ranges than the distance to the source which additionally seems to be only relevant
for higher energies.
K(F,H) =
 a · exp(−b · (H − F )
c) · (1 + d · exp(−e · F f )), ∀F ≥ 0
g · exp(−h ·Hi) ∀F = −1(0.3and0.662MeV )
g · exp(−h ·Hi)− j · exp(−k ·H l) ∀F = −1(3.0MeV )
(5)
Table 7. Values of the variables in Equation (5) describing the kerma per
source strength inside a glass building caused by contamination on the roof of
two neighbouring buildings in a park scenario. ‘a’, ‘g’ and ‘j’ have the dimension
pGy per γ mm-2. All other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 0.37 0.64 1.38
b 0.74 0.84 0.70
c 0.59 0.58 0.79
d 0.034 0.039 0.039
e 0.017 0.31 0.37
f 4.95 1.78 1.45
g 0.00043 0.0018 0.077
h 0.45 0.38 0.10
i 0.90 0.85 1.61
j - - 0.067
k - - 0.20
l - - 2.38
The development of the kerma per source strength inside a glass building caused
by contamination on the walls of neighbouring buildings can be described by Equa-
tion (2) with the respective values of the variables given in Tables 9 and 10 depending
on the environmental scenario. The variable a expresses the maximal kerma per source
strength in a floor with several floors under and over it. The term (1−b ·exp(−c ·F d))
expresses the decrease of the kerma because of decreasing distance to the ground
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Table 8. Values of the variables in Equation (5) describing the kerma per source
strength inside a glass building caused by contamination on the roof of eight
neighbouring buildings in a city scenario. ‘a’, ‘g’ and ‘j’ have the dimension pGy
per γ mm-2. All other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 1.48 2.64 5.53
b 0.55 0.61 0.52
c 0.85 0.85 0.93
d 0.063 0.066 0.037
e 0.67 0.39 0.57
f 1.56 1.91 1.26
g 0.0014 0.0079 0.39
h 0.072 0.32 0.12
i 1.78 0.96 1.26
j - - 0.36
k - - 0.16
l - - 1.44
and therefore less area of contaminated walls on this side of the floor, and the term
(1 − e · exp(−f · (H − F )g)) the same effect of decreasing distance towards the roof
of the buildings. Furthermore, the term (1 − h · exp(−i · Hj)) expresses the impact
of the heights of the buildings as the source area of the walls increases with height.
The kerma in the basement increases with the height and source area of the building
(1− l · exp(−m ·Hn)) towards a maximum value of k.
Table 9. Values of the variables in Equation (2) describing the kerma per source
strength inside a glass building caused by contamination on the walls of two
neighbouring buildings in a park scenario. ‘a’ and ‘k’ have the dimension pGy per
γ mm-2. All other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 4.62 10.8 36.9
b 0.21 0.20 0.20
c 1.11 1.34 1.52
d 0.75 0.70 0.44
e 0.37 0.38 0.40
f 0.89 0.94 0.99
g 1.20 1.19 1.13
h 0.51 0.46 0.31
i 0.45 0.51 0.74
j 0.55 0.40 0.43
k 0.0071 0.053 1.61
l 0.92 0.94 0.98
m 0.19 0.15 0.11
n 1.24 1.60 1.88
Equation (6) with the respective values of the variables given in Tables 11 to 13
describe the development of the kerma per source strength inside a glass building
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Table 10. Values of the variables in Equation (2) describing the kerma per
source strength inside a glass building caused by contamination on the walls of
eight neighbouring buildings in a city scenario. ‘a’ and ‘k’ have the dimension
pGy per γ mm-2. All other variables are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 15.3 36.4 142
b 0.23 0.22 0.22
c 0.85 1.02 1.06
d 0.90 0.99 1.07
e 0.41 0.43 0.47
f 0.51 0.51 0.50
g 1.11 1.15 1.07
h 0.61 0.56 0.46
i 0.41 0.47 0.66
j 0.69 0.64 0.62
k 0.024 0.24 6.42
l 0.94 0.97 0.99
m 0.079 0.061 0.039
n 1.47 1.40 1.73
caused by contamination on trees depending on the environmental scenario. The
term a · exp(−b · F c) describes the decreasing of the kerma with distance to the trees
for buildings of heights H ≥ 1 at the floors F ≥ 1. The value of the variable d ex-
presses the kerma at the ground floor for a building height of H = 0 and e the kerma
at the ground floor for higher buildings. The kerma in the basement is independent
from the height of the buildings and expressed by the value f .
K(F,H) =

a · exp(−b · F c), ∀F,H ≥ 0
d ∀F,H = 0
e ∀F = 0 ∧H ≥ 1
f ∀F = −1
(6)
Table 11. Values of the variables in Equation (6) describing the kerma per source
strength inside a glass building caused by contamination on trees for a single house
without any neighbouring buildings. ‘a’, ‘d’, ‘e’ and ‘f’ have the dimension pGy
per γ mm-2. ‘b’ and ‘c’ are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 1.42 · 1017 6.50 · 109 1.12 · 1010
b 39.4 21.6 20.8
c 0.048 0.10 0.12
d 1.07 2.66 10.2
e 1.12 2.77 10.6
f 0.0020 0.014 0.38
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Table 12. Values of the variables in Equation (6) describing the kerma per source
strength inside a glass building caused by contamination on trees for a house in
a park scenario with two neighbouring buildings. ‘a’, ‘d’, ‘e’ and ‘f’ have the
dimension pGy per γ mm-2. ‘b’ and ‘c’ are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 4.24 · 1018 3.58 · 109 3.90 · 1042
b 42.7 20.9 95.6
c 0.041 0.095 0.025
d 1.19 2.98 11.7
e 1.23 3.09 12.1
f 0.0020 0.015 0.39
Table 13. Values of the variables in Equation (6) describing the kerma per source
strength inside a glass building caused by contamination on trees for a house in
a city scenario with eight neighbouring buildings. ‘a’, ‘d’, ‘e’ and ‘f’ have the
dimension pGy per γ mm-2. ‘b’ and ‘c’ are dimensionless.
0.3 MeV 0.662 MeV 3.0 MeV
a 4.70 · 1020 3.01 · 109 9.10 · 109
b 47.0 20.3 20.0
c 0.030 0.078 0.092
d 1.78 4.55 18.6
e 1.83 4.65 18.9
f 0.0025 0.017 0.41
3.2. Comparison with previous values for a multistorey house block
To show the relevance of the determined kerma factors they were compared to re-
spective factors calculated by Meckbach et al. (1988) for a multistorey house block,
which is the closest of the building models that were developed so far compared to the
glass building model in this study. The multistorey house was five storeys high and
therefore the values are compared to the values of the glass building with a height of
H = 4. Furthermore, kerma factors inside the multistorey house block were deter-
mined for the basement (F = −1), the ground floor (F = 0), the second floor (F = 2),
and the fourth floor (F = 4) and thus compared to the respective floors inside the
glass building. Regarding the source areas on the building both factors for the roof
were compared as well as the factor for the walls of the glass building with the sum
of the factors for walls and windows of the multistorey house block. In case of the
ground as source area the respective factors were compared for the park and the city
scenario that were for the multistorey house block the sum of the factors for the street
and the park in the park scenario and the factor for the street in case of the city
scenario. For the neighbouring buildings (Meckbach et al. 1988) calculated factors
for walls and windows as well as for the roof and for both park and city scenario.
Therefore, all four could directly be compared to the respective ones determined for
the glass building. Regarding the factors for the trees the respective ones for a park
scenario were compared.
The comparison took place by dividing the factor for the glass building by the
respective one for the multistorey house block for all values available. This was per-
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formed for all three primary gamma energies and the resulting ratios are presented in
Tables 14 to 16.
Table 14. Ratios of the kerma factor for the glass building divided by the
respective factor for a multistorey house block (Meckbach et al. 1988). The figures









Roof - - - 7.85
Walls and windows 12.3 4.39 4.49 4.38
Ground:
Park scenario (street and park) 7.65 11.6 9.42 8.14
City scenario (street) 2.76 24.1 21.6 30.2
Neighbouring buildings:
Roofs in a park scenario - 2.25 2.88 3.68
Roofs in a city scenario - 24.3 11.6 4.90
Walls and windows in a park scenario 1.62 4.16 4.91 5.83
Walls and windows in a city scenario 1.19 4.46 5.55 6.34
Trees:
Park scenario 0.510 1.90 2.25 2.02
Table 15. Ratios of the kerma factor for the glass building divided by the
respective factor for a multistorey house block (Meckbach et al. 1988). The figures









Roof - - 271 4.04
Walls and windows 17.5 3.94 4.20 3.77
Ground:
Park scenario (street and park) 4.88 11.0 8.62 8.66
City scenario (street) 2.83 23.9 21.1 35.4
Neighbouring buildings:
Roofs in a park scenario - 1.86 2.09 2.55
Roofs in a city scenario - 4.36 5.82 4.37
Walls and windows in a park scenario 1.77 3.47 4.12 5.95
Walls and windows in a city scenario 2.06 4.25 4.72 5.62
Trees:
Park scenario 1.14 1.71 2.06 1.88
The numbers show that the kerma factor is larger, apart from nine cases for the
glass building than for the multistorey house block. Two extreme cases were deter-
mined with a ratio of 271 for the roof to second floor factor for a primary gamma
energy of 0.662 MeV and with a ratio of 383 for the roof to ground floor factor for a
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Table 16. Ratios of the kerma factor for the glass building divided by the
respective factor for a multistorey house block (Meckbach et al. 1988). The figures









Roof - 383 27.7 2.26
Walls and windows 16.5 2.37 2.45 2.24
Ground:
Park scenario (street and park) 2.03 6.13 4.74 5.06
City scenario (street) 1.14 11.2 9.47 16.3
Neighbouring buildings:
Roofs in a park scenario 0.223 0.250 0.319 0.649
Roofs in a city scenario 0.412 0.838 1.27 1.64
Walls and windows in a park scenario 1.08 1.93 2.27 2.02
Walls and windows in a city scenario 1.39 2.98 3.19 3.21
Trees:
Park scenario 1.93 1.21 0.635 0.665
primary gamma energy of 3.0 MeV. The other ratios vary between 0.22 and 35.4 with
an averaged ratio and standard error of the mean of 6.11 ± 0.73 (excluding the two
extreme values).
Looking into the details the average ratio over each primary gamma energy de-
creases with increasing primary energy excluding the two extreme values as the aver-
aged values are 7.72± 1.34 for a primary gamma energy of 0.3 MeV, 6.76± 1.36 for a
primary gamma energy of 0.662 MeV and 4.05± 0.99 for a primary gamma energy of
3.0 MeV. Looking at the source areas of course the roof of the building has the highest
averaged ratio because of the two extreme values with 116±77 (without them it is still
10.5 ± 5.1). This source area in term of the averaged ratio is followed by the ground
in the city scenario with 16.7± 3.2, the ground in the park scenario with 7.32± 0.78,
the walls and windows of the building with 6.54 ± 1.54, the roofs of neighbouring
buildings in the city scenario with 5.95± 2.18, the walls and windows of neighbouring
buildings in the city scenario with 3.75± 0.47, the walls and windows of neighbouring
buildings in the park scenario with 3.26 ± 0.48, the roofs of neighbouring buildings
in the park scenario with 1.67 ± 0.38 and at last the trees in the park scenario with
1.49 ± 2.18. The averaging of the ratio over the detection areas excluding the two
extreme values shows less variety with the values for ground floor (6.60±1.49), second
floor (6.70 ± 1.38) and fourth floor (6.65 ± 1.56) being similar. Only the basement
shew a lower averaged ratio of 4.04± 1.12.
Apart from the building material, the deviations of the two building models are
caused e.g. by different building sizes. Furthermore, the glass building had an atrium
instead of a courtyard inside multistorey house block and the multistorey house block
had light-shafts to the basement apart from the glass building. Moreover, the calcu-
lations were performed with different code, but the influence is further described in a
paper that is still to be published (Hinrichsen & Andersson 2018). Finally, those ratios
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underpin the importance of the determined factors for decision support systems as the
kerma factors for the multistorey house block were calculated for only one building
height.
4. Conclusions
The knowledgebase for external dose estimations in inhabited areas was improved by
determining kerma conversion factors for a modern glass building that can be found
in a similar way in many modern cities now. Therefore, those factors support the
progress of decision making in modern cities regarding managing the long term conse-
quences of an airborne release of radionuclides as e.g. a nuclear power plant accident.
The description as formulas allows the further application of the glass building model
regardless of the height of the building and detection area. Furthermore, the impor-
tance of this building model was shown by comparing its results for kerma factors
with those calculated by Meckbach et al. (1988) for a multistorey house block. The
results of this comparison show the importance of taking into account adequate rep-
resentations of construction geometries and materials when estimating kerma. The
kerma conversion factors are given in a format that can in practice readily be imple-
mented in the European decision support systems for management of the radiological
consequences of airborne urban contamination.
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After  the  contamination  levels  on  different  surfaces  in  an  inhabited  area  from  the  passage  of  the 
contaminated plume have been estimated, an important next step in determining the associated long‐term 
external doses to affected populations is to relate the contamination levels to dose rates to people present 
in  different  locations  in  different  representative  inhabited  environments.    Depending  on  the  types  and 
energies  of  the  radiation,  and  the  positions  of  people  in  the  environment  over  time  in  relation  to 
contaminated and shielding surfaces, dose rates per unit surface contamination on a given surface can vary 
very widely.   Due to the geometrical complexity of inhabited environments with potentially highly shielding 
structures and, e.g.,  low‐shielding window areas  that can vary considerably  in number,  location and  size, 
simple point kernel models are  inadequate  in predicting resultant dose rates  (Jensen and Thykier‐Nielsen, 
1989).    Instead,  the Monte  Carlo method  can  be  used  to  randomly model  the  propagation  in  a  given 
environment of a  large number of  individual photons and probabilistically track their paths as they collide 
with atoms and cause secondary radiation in the media they pass through.  Resultant dose rates can then be 


















































































































































































































Mean  sd  Mean  sd  Mean  sd  Mean  sd  Mean  sd 
Short grass*  1.0  Ref. surf.  1.0  Ref. surf.  1.0  Ref. surf.  1.0  Ref. surf.  1.0  Ref. surf. 
Bare soil  0.6  0.4  0.3  0.15  0.3  0.15  0.17  0.10  0.23  0.12 
Soil and short grass*  1.0  ‐  1.0  ‐  1.0  ‐  1.0  ‐  1.0  ‐ 
Small plants*  0.8  0.5  1.4  0.7  1.6  0.8  1.0  0.5  1.2  0.7 
Trees and shrubs*  0.4  0.25  2.5  1.2  4.3  2.5  1.7  1.2  1.5  1.1 
Paved area  0.2  0.1  0.25  0.15  0.75  0.35  0.3  0.15  0.3  0.25 
Clay tile roof  1.5  0.3  0.8  0.1  3.0  0.8  1.9  0.5  1.5  0.4 
Concrete tile roof  1.8  0.4  1.0  0.2  4.0  1.0  2.2  0.6  1.6  0.4 
Fibre cement roof  1.6  0.3  0.9  0.1  3.6  0.9  2.1  0.5  1.6  0.4 
Silicon covered fibre 
cement roof 
1.0  0.2  0.7  0.1  2.5  0.6  1.7  0.4  1.4  0.4 
Glass roof  0.5  0.1  0.4  0.1  1.4  0.4  1.5  0.4  1.3  0.3 
Smooth metal roof  0.7  0.1  0.5  0.1  1.6  0.4  1.6  0.4  1.3  0.3 









































































































Rel. deposition  Rel. deposition  Rel. deposition  Runoff fraction  Runoff fraction  Runoff fraction 
Mean  sd  Mean  sd  Mean  sd  Mean  sd  Mean  sd  Mean  sd 
Short grass*  1  ‐  1  ‐  1  ‐  0.9  0.1  0.8  0.1  1  0.2 
Bare soil  1  ‐  1  ‐  1  ‐  0  ‐  0  ‐  0  ‐ 




surf.  0  ‐  0  ‐  0  ‐ 
Small plants*  1  ‐  1  ‐  1  ‐  0.99  0.01  0.7  0.2  0.8  0.2 
Trees and shrubs*  1  ‐  1  ‐  1  ‐  0.99  0.01  0.5  0.3  0.8  0.2 
Paved area  1  ‐  1  ‐  1  ‐  0.97  0.03  0.55  0.15  0.55  0.15 
Clay tile roof  0.8  0.2  0.8  0.2  0.8  0.2  0.99  0.01  0.3  0.04  0.35  0.05 
Concrete tile roof  0.8  0.2  0.8  0.2  0.8  0.2  0.99  0.01  0.4  0.05  0.45  0.06 
Fibre cement roof  0.8  0.2  0.8  0.2  0.8  0.2  0.99  0.01  0.15  0.02  0.18  0.02 
Silicon covered fibre 
cement roof  0.8  0.2  0.8  0.2  0.8  0.2  0.99  0.01  0.8  0.1  0.9  0.1 
Glass roof  0.8  0.2  0.8  0.2  0.8  0.2  0.99  0.01  0.95  0.05  0.95  0.05 
Smooth metal roof  0.8  0.2  0.8  0.2  0.8  0.2  0.99  0.01  0.9  0.07  0.9  0.07 



































































1.0 - 1.0 -- 1.0 - 1.0 - 0.3 0.1 0.2 0.1 0.2 0.2 
Bare soil 
 












0 - 0 - 0 - 
Small 
plants* 
0.9 0.3 1.2 0.4 1.3 0.4 1.0 0.3 1.1 0.4 0.3 0.3 0.1 0.1 0.15 0.15 
Trees and 
shrubs* 
0.7 0.2 1.8 1.0 2.5 1.0 1.4 0.7 1.2 0.6 0.3 0.3 0.05 0.05 0.15 0.15 





1.2 0.8 0.8 0.3 1.8 0.5 0.3 0.4 1.2 0.4 0.3 0.2 0.1 0.06 0.1 0.06 
Concrete 
tile roof 










1.4 0.8 0.7 0.2 1.7 0.4 1.3 0.3 1.1 0.2 0.5 0.3 0.4 0.2 0.4 0.2 
Glass roof 
 
0.7 0.2 0.5 0.1 0.7 0.2 0.6 0.2 1.0 0.3 0.6 0.5 0.6 0.2 0.6 0.2 
Smooth 
metal roof 
0.9 0.2 0.6 0.2 1.2 0.3 1.2 0.3 1.1 0.3 0.6 0.6 055 0.2 0.55 0.2 
External 
walls 





Currently,  the  ERMIN model  largely  relies  on  a  series  of Monte  Carlo  computed  dose  rate  conversion 
factors, which date more than 30 years back (Meckbach et al., 1988).  The dose rate conversion factors were 
calculated  for essentially  four different  types of  inhabited environment,  ranging  from detached suburban 
houses of light construction to urban centres with 4‐storey brick buildings with relatively thick walls.  Since 
then,  only  a  few  specialised  environments  have  been  added  to  the  ERMIN  dose  rate  conversion  factor 
database,  involving  industrial  buildings  and  supermarkets  (Kis  et  al.,  2004).    However,  there  are  still  a 
number of typical European  inhabited environments that would not be well described by any of the data 
currently  in  the database.   For  instance,  city  centres  contain many  tall buildings of modern  construction 
(e.g., with much glass).   Therefore, dose conversion factors for a modern tall urban glass front construction 
house were calculated and will be published separately (Hinrichsen & Andersson, 2018).    
The  applicability  of  the  Monte  Carlo  calculation  code  MCNP6  (Goorley  et  al.,  2012)  in  calculating 
shieldingfactors for  inhabited environments was validated through comparison with  in situ measurements 
in the  inhabited environment being modelled  (Hinrichsen et al., 2018).   Generally, a comparison between 
computed  and  determined  dose  rate  factors  (or  shielding  factors)  for  different  target  points  for  a 
contamination of 134Cs and 137Cs on different surfaces gave an average ratio of 1.02 ± 0.05.   Among other 
processes the MCNP6 code accounts for photon creation and  loss through bremsstrahlung, p‐annihilation, 
fluorescence,  Compton  scattering,  pair  production  and  photon  capture  (Goorley  et  al.,  2012).  The  code 
allows  the  definition  of  complex  three‐dimensional  geometries  through  a  combinatorial  geometry 
technique. The regions in space were constructed by logical combination (union, intersection, difference) of 
elementary geometric bodies and surfaces. 
A new  re‐calculation has been made with  the MCNP6  code of one of  the  scenarios  for which dose  rate 
conversion  factors were  reported more  than 30  years  earlier by Meckbach  et  al.  (1988) on  the basis of 
Monte  Carlo  modelling  using  the  code  SAM‐CE.    The  house  type  and  the  surfaces  and  neighbouring 
buildings  (see Figure 1) were modelled based on  the data published by Meckbach et al  (1988), who also 
provided, e.g., highly detailed descriptions of the assumed construction materials with dimensions, material 




























Windows 1.11 0.41 0.78 0.68 
Walls and doors 0.36 0.41 0.16 0.23 
Roof 1.01 0.82 0.92 1.06 
Without neighbouring buildings: 
Ground 0.51 0.37 0.27 0.81 
With neighbouring buildings: 
Ground 0.42 0.36 0.13 0.13 
Neighbouring buildings 0.35 0.22 0.35 0.53 











Also  estimates  of  contributions  to  the  air  kerma  from  radiation  from  neighbouring  areas  (where 
comparatively  small  radiation  tallies would also be expected) are generally not  in good agreement.   The 
results of the new calculations of kerma rate conversion factors  in the format applied by Meckbach et al. 
(1988) and used  in  the ERMIN data  libraries are reported  in Tables 5‐7  for  the photon energies 0.3 MeV, 
0.662 MeV and 3.0 MeV.  
Table  5.    Contribution  of  the  various  deposition  areas  to  the  kerma  at  several  locations  inside  a  semi‐
detached house for a source energy of 0.3 MeV in pGy per ɣ mm‐2. 
    Detection area 






Windows  0.026  2.8  6.2  1.5 
Walls and doors  0.008  4.0  1.4  1.2 
Roof  0.116  7.3  24.0  84.0 
Without neighbouring buildings: 
Ground  0.013  13.6  10.4  29.8 
With neighbouring buildings: 
Ground  0.004  8.8  2.6  3.1 
Neighbouring buildings  0.001  1.0  1.9  3.9 
Trees  0.002  1.4  0.3  0.7 
 
 
Table  6.  Contribution  of  the  various  deposition  areas  to  the  kerma  at  several  locations  inside  a  semi‐
detached house for a source energy of 0.662 MeV in pGy per ɣ mm‐2. 
    Detection area 






Windows  0.159  6.2  20.5  4.0 
Walls and doors  0.054  7.9  3.0  3.5 
Roof  0.753  17.5  57.5  198.8 
Without neighbouring buildings: 
Ground  0.060  31.0  19.4  73.1 
With neighbouring buildings: 
Ground  0.020  18.9  5.3  7.7 
Neighbouring buildings  0.007  2.3  4.2  12.1 
Trees  0.012  3.2  0.5  1.9 
 
 
Table  7.  Contribution  of  the  various  deposition  areas  to  the  kerma  at  several  locations  inside  a  semi‐
detached house for a source energy of 3.0 MeV in pGy per ɣ mm‐2. 
    Detection area 






Windows  2.37  20.9  66.2  14 
Walls and doors  1.10  23.1  11.0  19 
Roof  9.79  69.3  218.3  722 
Without neighbouring buildings: 
Ground  0.95  108.2  46.4  416 
With neighbouring buildings: 
Ground  0.71  59.8  16.7  31 
Neighbouring buildings  0.15  7.9  14.5  66 
Trees  0.31  11.2  1.2  9 
 
 
As the contamination migrates downward in permeable surfaces (soil), the soil above it will shield against the 
radiation it emits, but in the calculations behind the kerma factors in the above tables, it is assumed that all 
contamination is on the very surface.  The factors thus need to be modified according to contamination 
penetration depth in the soil.  As shown in part 2 of the paper, ERMIN can dynamically calculate the 
contamination level at different soil depths.  A series of pre-calculated modification factors are used to take into 
account the influence on kerma rate of contaminant penetration at different depths in the soil (Charnock, 2018; 
Andersson et al., 2008). 
 
Conclusions 
The latest developments for the inhabited areas dose estimation model, ERMIN, which is integrated in the 
European decision support systems ARGOS and RODOS, are described with respect to two important 
parameters: the relative contamination level on different surfaces in the inhabited environment and the 
conversion factor from contamination level to dose rate.   
An overview is given of primary contaminants with different physicochemical forms produced in the Chernobyl 
and Fukushima accidents.  It should be noted that future accidents would be likely to have different features and 
might lead to different types of contaminants.  Nevertheless, the lessons from these two major accidents are of 
great importance.  On the basis of available knowledge, the relative deposition of various groups of possible 
contaminants on the different surfaces in the inhabited environment is estimated.  This is an essential 
requirement in predicting initial dose rates to inhabitants from different contaminated surfaces in representative 
housing environments.  The tables in this paper show that the relative distribution of contaminants on different 
surfaces can vary considerably according to the physicochemical form (notably elemental iodine gas fraction, 
aerosol sizes) of the contaminants. Although rough estimates of the expected variation in these parameters are 
given, it should be noted that ARGOS and RODOS currently do not have inherent options for full visualisation 
of the implications of uncertainty/variation of such parameters.   
The other requirement in predicting initial dose rates in different environmental positions is reliable dose rate 
conversion factors for different types of inhabited areas.  The MCNP6 Monte Carlo radiation transport 
estimation system, which was recently experimentally validated for dose rate estimation in inhabited areas, was 
used to re-calculate the ca. 30 year-old dose rate (kerma rate in air) conversion factor estimates (made with the 
Monte Carlo code SAM-CE) for one of the standard inhabited environments integrated in the European decision 
support systems.  The new dose rate factors differed significantly from the old ones, particularly when the 
radiation passed through substantial masses like outer house walls.  The number of tallies seems to have been 
adequate in both cases (judged from code statistics), and thus not the problem.   The explanation might possibly 
lie in the programming (where MCNP is probably the most widely used and validated of all such codes), and 
could also reflect differences in cross-section data libraries or unreported case-specific assumptions.  The new 
dose rate conversion factors are reported for use in the decision support systems.        
The parameter requirements in predicting future time-integrated doses on this background are dealt with in the 
second part of the paper.   
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Abstract: To enable estimation of time-integrated external doses to persons staying in an inhabited area 
radioactively contaminated by aerosols and gases released in connection with a large nuclear power plant 
accident, additional knowledge to that described in the first part of this paper is needed on the post-
deposition migration of different types of contaminants on the various relevant types of environmental 
surface.  This part of the paper describes how the migration processes are modelled dynamically in the 
European standard inhabited area dose model, ERMIN, and presents the newest parametric datasets.  It is 
explained how the total information in both parts of the paper may be used to estimate doses received 
over time by populations in radioactively contaminated inhabited areas.     
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1. Introduction 
According to a recent publication (Howard et al., 2017), the long term ingestion and external dose 
contributions received by inhabitants of areas contaminated by the Chernobyl accident was estimated to 
be about equal in magnitude, whereas the long term external dose contribution to the public in areas 
contaminated by the Fukushima accident has been estimated to be of the order of 80-90 %, and the 
corresponding ingestion dose only 10-20 %.  In preparedness for possible future nuclear power plant 
accidents, it is thus highly important to be able to implement effective recovery strategies for 
contaminated inhabited areas.  However, as per tradition, radioecology studies have over many decades to 
a very great extent focused on studies of mechanisms and parameters governing the post-deposition 
transfer of various radionuclides to man via foodchains.  Therefore, these processes are today in general 
better understood than those determining external doses in inhabited areas.  For example, the 
International Atomic Energy Agency has published a report of more than 600 pages on radionuclide 
transfer parameters for terrestrial and freshwater environments (IAEA, 2009), in which the terrestrial 
environments are all rural or natural (food producing).   
Although a counterpart describing parameters and processes relevant to inhabited areas does not exist, 
there are of course also a range of publications that describe post-deposition transfer and natural removal 
of radiocontaminants deposited in inhabited areas.  Many of these are based on studies of contamination 
from the Chernobyl accident.  Unfortunately, measurements have not been made of the post-deposition 
migration of radioactive matter from the Fukushima accident on each of the various types of man-made 
surfaces representative of inhabited areas.  Instead, the focus of the Japanese authorities has been on rapid 
carborne surveillance of dose rate in affected areas using KURAMA II detection systems (Kinase et al., 
2015), which measure an uncollimated dose rate in a position close to the road surface.  This provided 
valuable rough indications of the contamination pattern over large land areas.  In relation to the actual 
average exposure of the local population, however, this measurement geometry would give an 
overrepresentation of the radiation from the nearby contaminated street surface.  And since the natural 
decline in radioactivity on street surfaces has previously been found to be comparatively very rapid 
(Andersson, 2009), such repeated measurements would lead to overestimation of the rate at which the 
average dose rate declines in the area through natural processes.  Qualitatively, however, these Japanese 
measurements illustrate that the decline in dose rate is as expected faster in urban areas, comprising 
surfaces with rapid natural weathering processes, than in rural areas, where the decline in dose rate level is 
largely dependent on the slow downward contaminant migration in soil (Kinase et al., 2015).   
Identifying appropriate time functions representing the natural weathering and migration processes of 
contaminants on each type of surface is essential in enabling estimation of future time integrated doses 
and for instance residual doses received by people after treatment in a prescribed way of a given type of 
surface in the inhabited environment.   The ERMIN dose model co-developed and coded at Public Health 
England (Charnock et al., 2009; Charnock, 2018; Andersson et al., 2008) that is used in the European 
decision support systems, RODOS (2018) and ARGOS (2018), to estimate external doses in inhabited areas, 
includes a system of formulae reflecting the post deposition mobility of radiocontaminants on the different 
types of outdoor surface (Jones et al., 2007).  This paper describes the most recent methods and parameter 
sets that have been developed for implementation in ERMIN, e.g., considering contaminants with an 
expanded range of possible physicochemical forms compared to earlier versions, and including the latest 
available information.  As in part 1 of the paper, the focus is on describing external dose contributions from 
contamination on outdoor surfaces.  Other processes modelled in ERMIN that can contribute to dose in 
inhabited areas after airborne releases, such as contaminant deposition on indoor surfaces, contaminant 
deposition on humans, and inhalation of contaminants are outside the scope of this paper, and described 
elsewhere (e.g., Jones et al., 2007; Andersson et al., 2004; Byrne, 2009; Andersson et al., 2008).  Also 
naturally occurring contaminant resuspension processes are omitted in this paper as they are generally not 
expected to lead to significant redistribution of contamination deposited on urban surfaces after a nuclear 
power plant accident (Ramzaev et al., 2006; Andersson et al., 2004).  Forced dose reduction processes are 
in general not considered in the models in this paper, although they are an integral part of ERMIN. 
 
2. Materials and methods 
As described in part 1 of the paper, experience from Chernobyl and Fukushima has shown that a large 
nuclear power plant accident can lead to airborne releases of a wide range of radionuclides with different 
physicochemical forms (more or less reactive gases, aerosols of different sizes and with different features 
with respect to environmental mobility).   For the purpose of modelling post-deposition migration 
processes it is important to distinguish between elemental iodine, which may deposit in large amounts, but 
will in general be rapidly removed by natural processes (precipitation) on impermeable surfaces (Roed, 
1987), and deposited contaminant particles with different characteristics.  Radioiodine dose rate 
contributions may be high in an early phase, but due to the short physical half-life of the most abundant 
iodine isotopes in a nuclear power reactor, radioiodine would not be likely to have important influence on 
external doses in later (recovery) time phases, particularly if other radionuclides than iodine and noble 
gases (notably caesium isotopes) are released.   
If we, as argued in part 1 of the paper, concentrate on those particles that have a size that allows them to 
follow air streams over longer distances, these may be split into four different categories or model ‘bins’ 
(the general approach adopted in the ERMIN model).  This includes a group of particles ranging in size 
between 0 and 2 µm, which is particularly representative of condensation mode contamination attached to 
ambient particles (Andersson, 2009).  As mentioned in part 1 of the paper these typically had a radius of 
the order of half a micron in the Chernobyl and Fukushima cases.   The contaminants associated with 
condensation mode particles are assumed to be rather readily soluble and would thus rapidly be in ionic 
form after deposition in the outdoor environment, as frequently reported after the Chernobyl accident 
(Andersson, 2009; Roed, 1987).  Nevertheless, to illustrate the complexity of these issues, it should be 
mentioned that in an area very far from the release point from the Chernobyl accident, some low solubility 
caesium particles of this size range have been found, and increasing soil to milk contaminant transfer 
factors in that area over the first two years after the accident suggested that natural particle dissolution in 
the environment took considerable time (Hansen & Hove, 1991).   However, focusing on external dose, 
contaminants embedded in low solubility particles would in general be expected to be more rapidly 
weathered away from an impermeable surface than caesium on cationic form (Andersson, 2009).  
Therefore, modelling post-deposition mobility of such small low solubility particles in the same way as 
cationic caesium, which will be very strongly fixed in upper layers of many types of urban surface, may 
make the dose contribution estimates somewhat conservative.   
Radiocaesium has a particularly great importance in modelling external doses after nuclear power plant 
accidents, as it will evaporate at comparatively low temperatures, and thus be likely to be released in great 
quantities from large accidents.  At the same time, the decays of the key isotopes of concern in this 
context, 134Cs and 137Cs, lead to emission of gamma photons with quite high energy and photon yield, 
particularly 137Cs has a long physical half-life of ca. 30 years and the caesium cation has a rare marked 
tendency to be fixed in a range of minerals and also to be retained in the upper soil layers (Andersson, 
2009).  External dose rate contributions from caesium thus only slowly decline through natural processes, 
and would be of major concern in recovery (late phase) decisions for management of contaminated 
inhabited areas, as seen after both the Fukushima and Chernobyl accidents.   
There is currently insufficient data available to enable specific detailed modelling of the retention of other 
radionuclides in ionic form on urban surfaces.  However, high specific binding strength of caesium 
compared with any other potentially relevant ions has also been reported in laboratory studies of many 
urban construction materials (De Preter, 1990).  Further, it has been demonstrated in field studies after the 
Chernobyl accident that the retention of cationic caesium in a variety of construction materials is 
considerably greater than that of, e.g., ruthenium (Roed, 1987), which was released in even greater 
quantity from the Chernobyl accident than was caesium (IAEA, 1991), but where the relevant isotopes, 
103Ru and 106Ru are considerably more short-lived (physical half-lives of respectively 39.5 d and 1.0 y).  
Strontium deposited in water solution has for example been found to weather off a clay roof with a half-life 
of only ca. 2.5 months (Brown et al., 2016), whereas most of the caesium deposited in solution on a clay 
roof would remain over decades (Andersson, 2009). Thus modelling retention of all ionic contaminants 
using parameters derived for caesium would be expected to make the dose estimates somewhat 
conservative.    
Larger low solubility particles will generally be expected to be removed from impermeable surfaces at a 
much faster rate than cationic caesium (Andersson, 2009).   The main mechanisms driving the ‘natural’ 
removal of all contaminants are in general precipitation and anthopogenic impact such as traffic and 
routine cleaning (Wilkins, 1987; Andersson, 2009).  Although time, rain intensity and rain frequency all have 
importance (Madoz-Escande et al., 2004; Madoz-Escande et al., 2005), data is currently not available to 
allow quantitative modelling according to these factors, and in any case, weather predictions over long 
time periods would be too uncertain to make use of such data.  Therefore empirical formulae based on 
typical observations of the overall natural weathering process are used in the ERMIN model.  The following 
sections report on the newest version of weathering parameter formulae and datasets, which have been 
derived for use in ERMIN.   In the event of a new contaminating incident, case specific parameter studies 
should be made to continuously further improve and target model parameters.  Also, an investigation of 
aerosol characteristics (including solubility) should be made so that the user could for the purpose of long-
term dose prediction target the model assumptions for different aerosol groups to the specific case.  
 
3. Results 
3.1. Contaminant mobility from paved areas 
For modelling the mobility of contaminants on paved areas, such as streets and walkways, the primary 
dataset of interest reflects the results of in situ measurements on such surfaces of radiocaesium in the 
town of Gävle, Sweden, which received one of the highest levels of contamination outside the former 
Soviet Union from the Chernobyl accident (Andersson, 2009).   These measurements were made with 
collimated germanium detectors over a period stretching from the first week after the accident to more 
than ten years later (Karlberg, 1988; Andersson, 1991; Andersson et al., 2002).   
The weathering process has generally been found to be rapid on such surfaces, although a bit of variation 
has been observed due to differences in traffic intensity, and also precipitation rates and routine street 
cleaning would play a role.  Experiments have shown that there are no strong binding mechanisms of 
cationic caesium in asphalt bitumen (Andersson, 1991), as there are in for example soil or common roof 
tiles.  It has also been demonstrated that the downward penetration of caesium into an asphalted road 
surface can over a 2-year weathering period be expected to be less than one millimetre (Andersson, 1991).  
Although the caesium may be selectively bound to street dust (De Preter, 1990), this does not slow down 
the removal rate, as the street dust is not strongly attached to the road surface (Andersson, 1991).      
As there does not appear to be significant contaminant ion specific fixation mechanisms at play on these 
surfaces, the results recorded for cationic caesium should apply also to other contaminant ions.  This agrees 
with the results of Warming (1982; 1984) in a tracer experiment where 86Rb, 103Ru and 140Ba were sprayed 
onto asphalt and concrete pavements in a solution, and a very large part of all tracers could be removed by 
simple firehosing some days later.   
The empirical weathering formula that was derived from the measurement time series recorded in Gävle 
was found to be generally consistent with information from in situ measurements over shorter periods of 
time of Chernobyl caesium weathering in Bavaria (Jacob et al., 1987).  This formula is used for all 
contaminants deposited in more or less readily soluble form (Andersson et al., 2002): 
C(t) = C0 ·  exp(-Ln2 ·  t /T½) ·  (f1 · exp(-Ln2 ·  t /Tw1) + f2 · exp(-Ln2 ·  t /Tw2)),                                    (1) 
where C(t) is the contaminant concentration at time t, C0 is the initial contaminant concentration after the 
deposition process, T½ is the physical half-life of the radionuclide, f1 is the fraction (on average ca. 0.7 on 
streets; estimated standard deviation 0.2) of the contamination removed with a short half-life of Tw1 (ca. 
120 days on streets; estimated standard deviation 40 days),  and f2 is the fraction (1- f1) of the 
contamination removed with a longer half-life of Tw2 (on average ca. 3 years on streets; estimated standard 
deviation 1 year).  The weathering process may take considerably longer, if there is very little human 
activity in the area, as recorded in areas deserted after the Chernobyl accident (Andersson, 2009).    
The case is different if low solubility fuel particles are present.  Sartor et al. (1974) found experimentally 
that removal of contaminants in particle form from impermeable road surfaces was largely independent of 
particle size, when the particles were larger than about 10 µm.  Smaller particles are however increasingly 
difficult to remove, as they can enter cavities in structures, and be less prone to weathering.  According to 
aerosol spectra recorded after the Chernobyl accident, 140La and 140Ba were representatives of the more 
refractory element radionuclides released (in fuel particles), having a contaminant AMAD (activity median 
aerodynamic diameter) of several microns (typically 2-5) even in the most remote areas to which dispersion 
was recorded (Rulik et al., 1989; Nair & Darley, 1986).   This indicates that fuel particles may be expected to 
be supermicroneous, in-line with findings from explosions impacting on materials that do not undergo 
phase transition during the explosion (Andersson et al., 2008a).  This would also be expected to have been 
the case in Denmark, where 140La and 140Ba contaminants were recorded to have different characteristics 
with respect to surface weathering, than did for instance the radiocaesium isotopes that predominantly 
deposited in readily soluble submicron particle form.  Over the first 22 days that followed the initial 
contamination deposition in Roskilde, Denmark, from the Chernobyl accident, some 22 % of the lanthanum 
and barium was washed off concrete surfaces through natural processes (Roed, 1987, 1990).  This 
corresponds to a weathering half-life of about 60 days.  It is likely that routine street cleaning would speed 
up this process further, so that the value of Tw3 of 60 days (with an estimated standard deviation of 20 days) 
may be seen as a conservative estimate for dose estimation from particles in the 2-5 µm range.     
On the basis of experimental investigations of attachment of particles of different sizes to street surfaces 
(Sartor & Gaboury, 1984; Sartor et al., 1974; Bender & Terstriep, 1984; Owen et al., 1960; Terstriep et al., 
1982), it would be expected that particles in the 5-10 µm range (and thus according to Sartor et al., 1974, 
also likely the particles in the 10-20 µm range) would have a half-life, Tw3, of the order of 30 days (standard 
deviation estimated to 15 days).    The environmental dissolution timespans in soils reported by Kashparov 
et al. (2004) are long compared with the time constants determining natural removal of deposited fuel 
particles, and may thus be ignored in this context.    
The general formula for contaminants deposited in fuel particle form becomes: 
C(t) = C0 ·  exp(-Ln2 ·  t /T½) ·  exp(-Ln2 ·  t /Tw3)      (2) 
 3.2. Contaminant mobility from roofs 
Measurement series performed in Denmark over a period of nearly 15 years after the Chernobyl accident 
of the level of radiocaesium contamination level on a range of common roof materials (concrete, slate, clay 
tile) showed that whereas the initial retention on the roof of contaminants after a wet deposition process 
varies considerably between roofing materials (see part 1 of this paper), the subsequent long-term 
weathering rates were after the Chernobyl accident found to vary rather little between the examined range 
of materials (Andersson, 2009).  A shorter time-series of measurements made on German roofs (Roed & 
Jacob, 1990) support the general validity of these findings, although only done for concrete and clay tile 
roofs.  Common to these materials is that they generally contain minerals, which selectively and strongly fix 
and retain caesium cations (De Preter, 1990; Andersson, 1991).  Other radionuclide ions would be expected 
to be less strongly held (Andersson, 2009; Brown, 2016), although it has been demonstrated that 
ruthenium in representative ionic forms is not very easily removed from a roof clay or concrete tile surface 
(Andersson, 1991).  ERMIN uses weathering data based on the Chernobyl time series caesium 
measurements (Andersson, 2009) for all radionuclides in ionic form for these types of roof materials.  This 
may lead to conservative estimates of long term doses for other radionuclides, which are in reality 
weathered off faster.  However, the physical half-lives of other radionuclides that would on the basis of 
past experience be expected to be potentially released in relatively large amounts and could impinge on 
external dose (see part 1 of the paper) are considerably shorter than that of 137Cs, and caesium is among 
the more volatile elements with generally comparatively high release probability.               
The empirical formula thus applied in ERMIN for all contaminant ions deposited in more or less readily 
soluble form on many types of roofs (clay, concrete, slate) is: 
C(t) = C0 ·  exp(-Ln2 ·  t /T½) ·  (f1 · exp(-Ln2 ·  t /Tw1) + f2 · exp(-Ln2 ·  t /Tw2)),                                    (3) 
where C(t) is the contaminant concentration at time t, C0 is the initial contaminant concentration after the 
deposition process, T½ is the physical half-life of the radionuclide, f1 is the fraction (on average ca. 0.5 on 
these roof types; estimated standard deviation 0.1) of the contamination removed with a short half-life of 
Tw1 (ca. 730 days; estimated standard deviation 85 days),  and f2 is the fraction (1- f1) of the contamination 
removed with a longer half-life of Tw2 (on average ca. 35 years; estimated standard deviation 7 years).  Also 
sandstone roof tiles contain intact micaceous substances (De Preter, 1990), and would be expected to 
retain caesium in the same way. 
The exception regarding radionuclide ions concerns very smooth (non-porous) surfaces, where 
experimentation suggests that the weathering of cationic caesium (and very likely also other ions) on a 
glass roof would occur with a half-life of the order of 95 days (Brown et al., 2016), and investigations from 
the European ECP-4 project (Mamaev et al., 1993) suggest a similar value for smooth (uncorroded) metal 
roof covers.     
Regarding low solubility particle contamination, these types of surfaces would not constitute an 
environment that could over a reasonable time (compared with weathering half-lives) lead to very much 
fuel particle dissolution (Kashparov et al., 2004).   For the parameterisation time series data exists for 
Chernobyl lanthanum and barium, associated with 2-5 µm particles, as measured on roof pavings (concrete, 
slate, clay tile) in Denmark.   These contaminants were found to be weathered off the surface much more 
rapidly than caesium (Roed, 1987).  A reasonable weathering half-life, Tw3, would on the basis of that data 
seem to be of the order of 100 days.   A probably dose conservative estimate of the weathering half-life for 
5-10 µm (and larger) particles would judging from the data for paved horizontal surfaces be expected to be 
of the order of 60 days.   
The general formula for contaminants deposited in fuel particle form becomes: 
C(t) = C0 ·  exp(-Ln2 ·  t /T½) ·  exp(-Ln2 ·  t /Tw3)                               (4) 
   
3.3. Contaminant mobility from outer walls 
For weathering of contamination on outdoor walls, generally very sparse information is available, primarily 
from measurements over time in Gävle (Andersson et al., 2002).  It is clear that the weathering function on 
walls is not subject to strong fixation mechanisms, as construction bricks used for building walls are 
typically fired at such high temperatures that no specific strong ionic fixation sites remain (Andersson, 
2009), and no significant difference was recorded in Gävle between plastered walls and clay brick walls 
(Andersson et al., 2002).    The slow removal is largely due to wind abrasion and any horizontal precipitation 
components.  It cannot be ruled out that larger particles may be more prone to wind-driven abrasion than 
small ones, which might be more protected in material cavities of suitable sizes, but the required data is 
not available to allow distinguishing on this parameter.   Again a dose conservative approach is used, 
assuming that the larger particle contamination is weathered off walls at the same rate as is small particle 
contamination.     
The generally assumed formula for contaminants deposited walls is (Andersson et al., 2002): 
C(t) = C0 ·  exp(-Ln2 ·  t /T½) ·  exp(-Ln2 ·  t /Tw1),                               (5) 
where C(t) is the contaminant concentration at time t, C0 is the initial contaminant concentration after the 
deposition process, T½ is the physical half-life of the radionuclide, and Tw1 is the weathering half-life of ca. 7 
years (estimated standard deviation 2 years).   
 
3.4. Contaminant mobility from grass and small plants 
A large number of workers have over the years estimated the weathering half-life of contaminants on grass 
and small plants  from experimentation, as such data is needed in traditional radioecology studies.  The 
majority of experiments were carried out prior to the Chernobyl accident, but also some later studies have 
been made (Martin, 1964; Cline et al., 1965; Milbourn & Taylor, 1965; Heinemann & Vogt, 1980; Kirchmann 
et al., 1966; Chadwick & Chamberlain, 1970; Krieger & Burmann, 1969; Aarkrog et al., 1988; BIOMOVS, 
1991; Mück et al., 1994; Eriksson et al., 1998; IAEA, 2009).  There is no clear trend from this data with 
respect to dependence on physicochemical characteristics, where these have been specified, and it is thus 
assumed in the modelling that all the contaminant material is washed off vegetation at the same rate.  
Based on the above references, the default value in the ERMIN model of the natural weathering half-life of 
contaminants from grass is Tw = 16 days (with a standard deviation of 7 days).  This value is somewhat 
shorter than the value of 25 days that has been recommended by Müller & Pröhl (1993) for the purpose of 
the ECOSYS ingestion dose model.   However, the 25 days correspond to the results of a field study where 
the field was completely protected against rain (Krieger & Burmann, 1969).  It should be noted that in case 
of prolonged rain, the natural weathering half-life may be shortened considerably (Madoz-Escande et al., 
2004; Madoz-Escande et al., 2005; Madoz-Escande & Santucci, 2005).  On small plants, a similar typical 
value of Tw = 12 days (estimated standard deviation of 5 days) was derived from the same literature.  
The formula applicable to describe the concentration of contaminants on these surfaces at any time t is of 
the form 
C(t) = C0 ·  exp(-Ln2 ·  t /T½) · exp(-Ln2 ·  t /Tw),     (6) 
where C(t) is the contaminant concentration at time t, C0 is the initial contaminant concentration after the 
deposition process, T½ is the physical half-life of the radionuclide, and Tw is the weathering half-life.  
 
3.5. Contaminant mobility from trees and shrubs  
Nearly half of the contamination on trees or shrubs will according to literature generally be removed with a 
short half-life, of about 30 days with a standard deviation of about 2 weeks (Mamikhin & Klyashtorin, 2000; 
Nygren et al., 1994; Roed, 1988).  It would seem reasonable to assume that the mechanism largely 
responsible for this transfer is the first heavy rainshowers (Roed, 1988).  A small part of the order of 4 % 
(estimated standard deviation of 4 %) is assumed to remain on the tree/shrub largely until it is felled 
(Mamikhin & Klyashtorin, 2000; Roed, 1988), and the rest is assumed to have a weathering half-life of some 
1.7 years, with an estimated standard deviation of about 1 year (Mamikhin & Klyashtorin, 2000; Linkov et 
al., 1997).  There may possibly be some species of trees for which this is not quite true, but the data 
available is sparse.  On top of this, for coniferous trees, the shedding of needles will occur continuously 
with a half-life that depends on the exact species and climate, but can be assumed to be of the order of 4 
years, with a standard deviation of about 2 years (Horticulture Diagnostic Laboratory, 2018).  For deciduous 
trees/shrubs (in leaf at deposition), it is assumed that they shed their leaves during the first autumn, where 
nearly all the contamination is on the leaves (Roed, 1988).  The time may here be assumed to vary rather 
homogeneously within about 8 weeks of the autumn.   
It should be noted that the above parameter values were based almost exclusively on data for deposited 
soluble radiocaesium aerosols, and only Roed (1988) reported directly applicable information for garden 
trees.   The mechanisms and/or rates of loss may well be different in forests.  However, the values for 
caesium fit reasonably with results obtained after artificial contamination of respectively pine and birch 
forest tree crowns with 90Sr in soluble form (Alexakhin & Naryshkin, 1977).  It is assumed that all 
contaminants behave in this way on trees and shrubs. No data is available for large low solubility 
contaminant particles, but these would be assumed to be removed somewhat more easily from the trees 
by precipitation, as they are on for example street surfaces.  Applying values for caesium in solution would 
thus make the tree/shrub dose contribution estimates somewhat conservative.  The methodology is thus 
here largely unchanged since the first parameterisation of ERMIN, where less emphasis was placed on 
physicochemical forms of the contaminants (Jones, et al., 2007). 
Small amounts of long-lived radionuclides in soil will be transferred from the soil to trees/shrubs by root 
uptake.  This will correspond to only few percent of the material initially deposited directly on the tree 
(Linkov et al., 1997), and is not considered in ERMIN.  Unlike forested areas, leaves/needles in urban areas 
are generally not left to form a litter layer after they are shed.  Therefore urban tree/shrub soil uptake will 
be much less than that in forests.  The focus in the context of urban external dose is on the initially 
potentially very high tree/shrub canopy contamination due to the very effective aerosol filter constituted 
by foliage if the tree/shrub was in leaf at deposition (Roed, 1990).  Only trees in leaf during deposition are 
considered in ERMIN, as the contamination level will otherwise be much less significant.  
The formula applied to describe the concentration of contaminants on these surfaces at any time t is of the 
form (Jones et al., 2007): 
C(t) = C0 ·  exp(-Ln2 ·  t /T½) ·  (f1 · exp(-Ln2 ·  t /Tw1) + f2 · exp(-Ln2 ·  t /Tw2) + f3),                                             (7) 
where C(t) is the contaminant concentration at time t, C0 is the initial contaminant concentration after the 
deposition process, T½ is the physical half-life of the radionuclide, f1 is the fraction (on average ca. 0.46, 
standard deviation of ca. 0.07) of the contamination removed with a half-life of Tw1 = ca. 30 days,  f2 is the 
fraction (1 - f1 – f3) of the contamination removed with a half-life of Tw2 (on average ca. 1.7 years for 
deciduous and ca. 1.2 years for coniferous trees/shrubs taking into account continuous needle shedding), f3 
is the fraction (0.04) of the contamination assumed to stay until the tree/shrub is removed, and Tw1 and Tw2 
are the corresponding removal half-lives, as given above.   Deciduous foliage shedding in the first autumn 
after the deposition occurred is assumed to change f1 and f2 to 0. 
 
3.6. Contaminant mobility in soils 
The concentration of contaminants in soil is described in ERMIN as a function of time and vertical soil depth 
by a convection-dispersion model (Andersson et al., 1998; Jones et al., 2007), in-line with methodology 
suggested by, e.g., Schuller et al. (1997) and Bunzl et al (2000): 
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Here T½ is again the physical half-life, whereas  Ds is the effective dispersion coefficient, and vs is the 





















     (10) 
where D is the dispersion coefficient, vw is the mean pore water velocity, Kd is the distribution coefficient of 
the contaminant in the soil, ρ is the bulk soil density, and ε is the soil porosity. 
   
Bossew and Kirchner (2004), and Kirchner et al. (2009) have made thorough reviews of Ds and vs by soil 
type on the basis of numerous assessments over different parts of Europe.   For radiocaesium from 
Chernobyl, the resultant values were found to be as shown in Table 1.  These values are in agreement with 
those reported by Ivanov (2009).   
Of course the downward migration of contaminants in fuel particles is governed by entirely different 
physicochemical processes.   Ivanov (2009) recorded much lower effective diffusion coefficients for 
contaminants contained in dispersed fuel particles deposited on soil.  For sandy, loamy and peaty soils, 
these were all found to be of the order of 0.015 cm2 per year.  The dispersed fuel particles measured by 
Ivanov (2009) were found to range up to about 18 µm in size, and the larger of these (>4 µm) seem as 
might be expected to be somewhat better retained in very top layers of undisturbed soils.    Based on these 
results, the downward migration of fuel particles is seen to be exceedingly slow, and it could only lead to 
limited conservatism in external dose estimates to assume that the particles remain in the very top of the 
soil until they dissolve over months or years.    
However, once the radionuclides are released from the fuel particles, other relevant contaminants can 
generally be expected to migrate faster than caesium (Andersson, 2009) as reflected by the differences in 
Table 2 of soil Kd.  The dissolution of fuel particles in soil has in the Chernobyl case been reported by 
Kashparov et al. (2004) to take place according to the formulae below, which will be included in ERMIN: 
If the material was initially oxidised, the dissolution rate constant after deposition in soil will be:  
k (years-1) = 0.6 * 10(-0.15*pH) at pH < 7.0, and k = 0.05 at pH > 7.0           (11) 
If the material was NOT initially oxidised, the dissolution rate constant after deposition in soil will be:  
k (years-1) = 40 * 10(-0.45*pH) at pH < 6.5, and k = 0.05 at pH > 6.5    (12) 
The pH values to be used in Kasparov et al.’s formulae would be based on easily made actual 
measurements in case of an accident, but may be assumed to mostly be in the range of 5.0-6.5 for mineral 
soils and 6.5-8.0 for more organic soils.     
Theoretically, there should be some dependence of particle dissolution rates on particle sizes (Mercer, 
1967).  However, such data are not apparent from the data published by Kashparov et al. (2004).     
Table 1. Results of a review of values of Ds and vs by soil type in different types of soil, based on Chernobyl (cationic) 
caesium assessment (Bossew and Kirchner, 2004; Kirchner et al., 2009).  
Soil group GM GSD AM SD Min Max 
Parameter: Ds (cm2 per year) 
All soils 0.22 3.1 0.37 0.4 0.02 1.9 
Clay/Loam 0.20 4.6 0.36 0.3 0.02 0.8 
Sand 0.11 2.3 0.16 0.2 0.03 0.6 
Organic 0.94 1.8 1.07 0.7 0.63 1.9 
Unspecified 0.27 2.6 0.37 0.3 0.04 0.8 
Parameter: vs (cm per year) 
All soils 0.18 3.3 0.27 0.2 0.00 0.9 
Clay/Loam 0.06 17.5 0.24 0.3 0.00 0.6 
Sand 0.15 1.7 0.17 0.1 0.07 0.6 
Organic 0.69 1.6 0.73 0.3 0.40 0.9 
Unspecified 0.22 1.6 0.24 0.1 0.09 0.5 
GM: geometric mean; GSD: geometric standard deviation; AM: arithmetic mean; SD: arithmetic standard deviation. 
 
It may be noted that values for the groups ‘all soils’ and ‘unspecified soil type’ are generally in reasonable 
agreement, as they would be if the unspecified category in reality spans representatively over different soil 
types. Also values reported for weapons fallout have been reported by Kirchner (2009), and these are in 
most cases comparable with those for Chernobyl data.  A lognormal distribution (using the geometric 
mean) is assumed (as favoured by Kirchner et al., 2009) in the uncertainty evaluation feature that is 
prepared for ERMIN. Minimum and maximum values are used as boundaries.   
Values of Ds and vs for other radioelements than caesium can be found by multiplying the values in Table 1 
for caesium by the ‘retardation factor’ relationship (R = 
ε
ρ
dK+1 ) (Kirchner et al., 2009) (i.e. by the 
‘retardation factor’ for the new element divided by that for caesium), applying appropriate values for all 
parameters (see above) for the soil type and element in question.  
For the Kd values in equations 9 and 10, a wide range of data is available (also by soil type) from a relatively 
recent review by IAEA (2009).  Table 2 shows the values for the 3 radioelements that would be thought to 
be of primary importance for external dose, but data for other elements of any potential significance (Am, 
Ba, Ce, Cm, La, Mo, Nb, Np, Pu, Rb, Sb, Sr, Te, U and Zr) are also available for use in the specified format 
from the report from IAEA (2009), although generally based on much fewer data and often without soil 
type specific data or standard deviations.  All values of Kd are assumed to be lognormally distributed based 
on the Central Limit Theorem, and the assumption of lognormal is generally supported by empirical 
evidence (Sheppard et al., 2009).   
As for bulk soil density, this normally varies within a short range of 1.4-1.7 g/cm3 for sandy soil, whereas it 
is typically 1.1-1.4 g/cm3 for clay/loam soil (Brewer, 1964; Chesworth, 2008).  An assumption of uniform 
distribution seems reasonable over these rather small intervals.  The relationship between bulk soil density 
and porosity is given by: 
Soil porosity = 1 – (Bulk soil density / particle density)                                      (13) 
(Blake & Hartge, 1986; Brady & Weil, 1996).  In most soils the particle density can be assumed to be around 
2.65 g/cm3 (Brady & Weil, 1996).  This is the density of quartz, which is the dominant mineral in most soils.   
For organic soils, the porosity has on the basis of 180 soil samples been shown to have the following 
dependence on soil organic carbon (SOC) (Franzluebbers, 2011): 
Soil porosity (m3/m3) =  -0.20 + 0.89 (1-exp(-0.067 · SOC[g/kg])),    (14) 
whereas the bulk soil density depends on the soil organic C in the following way (Hossain et al., 2015): 
Bulk soil density (g/cm3) = 1.56 exp (-0.0063 · SOC[g/kg]).    (15) 
By including these formulas in ERMIN the user can specify the values for organic soils directly from the soil 
organic C content, which is easily measurable by ignition (remembering the rule of thumb – the van 
Bemmelen factor - that organic matter generally contains about 58 percent organic carbon (Périé & 
Ouimet, 2008)).   
Table 2  Results of a review of values of Kd for 3 important elements by soil type in different types of soil, based on 
hundreds (for Cs and I) of field assessments (in units of L/kg = cm3/g).  
Soil group GM GSD AM SD Min Max 
Contaminant: Cs 
All soils 1.2E3 7 6.1E3 2.1E4 4.3 3.8E5 
Clay/Loam 5.5E3 4 2.2E4 6.7E4 5.7E2 3.8E5 
Sand 5.3E2 6 2.2E3 5.0E3 1.0E1 3.5E4 
Organic 2.7E2 7 3.0E3 1.2E4 4.3 9.5E4 
Unspecified 1.7E3 5 6.7E3 1.5E4 4.0E1 5.5E4 
Contaminant: I 
All soils 5.4 6 2.5E1 7.0E1 1.0E-2 5.8E2 
Clay/Loam 6.8 6 2.1E1 3.0E1 1.0 1.2E2 
Sand 3.6 8 1.3E1 2.0E1 1.0E-2 1.3E2 
Organic 3.6E1 4 9.3E1 1.8E2 8.5 5.8E2 
Unspecified 2.6 6 2.0E1 7.0E1 1.0E-1 3.7E2 
Contaminant: Ru 
All soils 2.7E2 8 4.7E3 1.7E4 5.0 6.6E4 
Clay/Loam 5.0E2 2 6.0E2 3.6E2 2.0E2 9.9E2 
Sand 3.6E1 6 7.7E1 9.0E1 5.0 6.6E4 
Organic - - 6.6E4 - - - 
Unspecified 1.4E2 3 2.3E2 2.1E2 3.4E1 4.9E2 
GM: geometric mean; GSD: geometric standard deviation; AM: arithmetic mean; SD: arithmetic standard deviation. 
 
3.7. Combining the information for external dose prediction 
This section gives a short description of how the information in both parts of this paper may be applied in 
prognoses of how the dose rate will vary with time after a contaminating event.  For simplicity assume that 
a dry deposition of only 137Cs (relevant emitted gamma energy: 0.662 MeV) has taken place to an area that 
may be adequately described by the type of semi-detached house environment described in part 1 of the 
paper (dose factors for a range of other types of environments exist in ERMIN (Jones et al., 2007), and the 
list of available data that may be used was recently expanded (Hinrichsen & Andersson, 2018).  The 
following describes in crude terms the way ERMIN operates.      
The initial contamination level on the short-cut grassed reference surface is assumed to have been 
measured (or if measurements are not available, estimated using a dispersion/deposition model in the 
decision support system).   This contamination level (unit: Bq mm-2 on the reference surface) is multiplied 
by the set of factors for relative deposition on different surfaces for dry deposition from Table 1 of part 1 of 
the paper (for the relevant measured or assumed physicochemical form).  This gives the initial 
contamination level on each type of surface in the environment (unit: Bq mm-2).   
For each type of contaminated surface, Table 6 in part 1 of the paper gives the normalised contribution to 
kerma (unit: pGy per ɣ mm-2 on the relevant surface type) in a detection point, where people may be 
staying (e.g., on the ground floor or first floor).  By multiplying these kerma values by the gamma yield 
constant (unit: ɣ s-1 per Bq) for the radionuclide in question (0.85 for 137Cs daughter nuclide 137mBa) a kerma 
rate contribution (unit: pGy s-1 per Bq mm-2) is obtained.  This kerma rate contribution can be multiplied by 
the initial contamination level on the given surface to obtain the initial contribution of the type of surface 
to kerma rate in the given position (unit: pGy s-1).  By multiplying this by the time function given in this 
paper for the relevant surface type and physicochemical form, the kerma rate contribution of the type of 
surface at any point in time can be estimated.  Conversion factors from air kerma to effective dose are 
given by ICRP (1997) and are for most relevant energies of the order of unity.   
As an example, Figure 1 shows the decline with time of kerma contributions (essentially kerma rate 
contributions) per unit initial level of contamination on each type of surface in the semi-detached house 
environment.  The detection area is here indoors on the ground floor.  Note that the figures here only show 
the natural decline due to contaminant mobility and do not include the decay due to the physical half-life 
(for 137Cs: ca. 30 years).  It is seen that due to the different initial deposition and environmental mobility of 
contaminants with different physicochemical forms on different surfaces, some kerma rate contributions 
comparatively quickly become unimportant, whereas other remain high over very long periods.  It should 
be noted that in this example, all ground areas have been assumed to be grassed.  The comparatively rapid 
natural removal of large low solubility contaminant particles on impermeable surfaces is also visible in 
Figure 1.  
Figure 1.  Natural decline with time in kerma contributions from different contaminated surface types per 
gamma initially emitted from the contamination on that surface per unit area.  The detection point is here 
located on the ground floor of the building and all ground areas are assumed to be grassed.  The physical 
half-life of 137Cs is here not included in the calculations. 
As can be seen, which of the contaminated surfaces contribute most to the kerma depends on the 
physicochemical form.   Figure 2 shows the results of similar calculations, but here all ground areas were 
assumed to be paved.In comparison to the grassed ground areas, the deposition velocity is considerably 
lower (as seen in the tables of the paper), and the decline in the ground kerma rate contribution is 
comparatively faster (Andersson et al., 2009). 
 Figure 2.  Natural decline with time in kerma contributions from different contaminated surface types per 
gamma initially emitted from the contamination on that surface per unit area.  The detection point is here 
located on the ground floor of the building and all ground areas are assumed to be paved.  The physical 
half-life of 137Cs is here not included in the calculations. 
It should be noted that due to the high shielding effect of this type of brick building towards radiation 
coming from the outdoor environment, the kerma rate is for 0.662 MeV radiation from the ground areas 
reported by Meckbach et al. (1987) to be of the order of ten times higher outdoors than indoors in this type 
of building.  Of course the dose contributions calculated on the basis of this type of information are for 
specific locations indoors and outdoors and must be weighted by the fractions of time spent by people on 
different floors and outdoors in the different representative positions.  An average figure for European 
urban populations of the percentage of time spent indoors is 87 %, with a 95th percentile of 75 % 
(Andersson, 2013).   If the contaminated environment contains large grassed areas or areas of soil, it has 
been demonstrated that these will often contribute most to doses integrated over years (Andersson et al., 
2009). 
The importance of parameter uncertainties for important ERMIN calculation endpoints is currently being 
studied through calculations made at Public Health England in the European CONFIDENCE project. 
 
Conclusion 
Whereas part 1 of this paper described the relative deposition on a range of different surfaces in the 
inhabited environment of a wide range of contaminants with different physicochemical characteristics, as 
well as resultant initial kerma rates in air in the environment, this second part is aimed at providing an 
overview of the approaches behind modelling the system of processes that determine the fate over time of 
radioactive substances after deposition.   
Formulae are given for the decline in contamination level on different surfaces in the inhabited 
environment, under different conditions.  The most recent parameter datasets derived for use in the 
European inhabited area decision support model, ERMIN, are reported, including estimates of 
uncertainties, which are often rather rough, due to the scarcity of available relevant data.  Recently, 
refinements to the modelling have also been made to reduce overall uncertainties by better distinguishing 
between for instance construction material types, and soil type categories.   Also, data libraries have been 
created for ERMIN with values reflecting the latest state of knowledge.  A few calculation examples are 
given, to illustrate that the post-deposition migration, and thereby doses to affected persons, may greatly 
depend on contaminant characteristics and assumptions regarding the surface characteristics.    
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ABSTRACT
In the remedial phase following an accidental radioactive release, it is important that soil decontamination measures are carried
out on the areas that contribute most to the radiation dose. In this study, the newly developed concept of isodose lines was
applied to the area around typical Swedish dwellings to identify these areas. The influence of the most common building
materials in Sweden, wood and brick, and the importance of the positions of doors and windows on the isodose lines were
demonstrated for specific positions inside the houses, as well as for the entire house, assuming the residents exhibit typical
resident occupancy. Decontamination of the areas within certain isodose lines was shown to result in a greater dose reduction
than decontaminating the same area of soil within a certain distance of the house. Furthermore, the impact of vertical migration
of the radioactive contaminants in the soil on the isodose lines was studied, showing that the area enclosed by isodose lines
decreases over time as the contaminants migrate deeper into the soil. The resulting isodose lines and their change over time
are dominated by the downward movement of the contamination in the upper layer of soil. The impact of the variability in
contamination on the final isodose lines and their dependence on building materials are demonstrated.
Introduction
The external radiation exposure is an important contribution to the radiation exposure of the population after the release
of gamma-ray-emitting radionuclides into the air and their deposition on the ground and on other structures1. In inhabited
environments, this radiation exposure can be reduced by building structures, depending on the geometry of the buildings, the
deposition distribution on the different surfaces, and resident occupancy. The removal of a thin layer of soil on unpaved areas
can reduce the contamination by as much as 90 %, provided the depth is optimized according to the vertical distribution of
the contaminants2. The cost of employing skilled personnel, as well as equipment and consumables for such measures can be
very high, and the construction of complex waste repositories may also be necessary3. It is therefore important to concentrate
decontamination activities on the areas that have the greatest impact on the radiation exposure of the population, taking into
account the reduction in exposure provided by various buildings.
The isodose concept was recently developed for this purpose4. When considering the dose contribution resulting from
radionuclides deposited on the ground, this concept illustrates the extent to which the surrounding areas contribute to the
external radiation exposure at different representative observation points inside a building, and can thus be used to optimize
topsoil removal following a radioactive release. The aim of this study was to apply the isodose concept to two typical Swedish
residential houses, constructed different materials, and to determine isodose lines at various locations in the houses, as well as
for the entire the houses by applying data on typical resident occupancy. The impact of vertical migration of the contaminants
in the soil and variability in the contaminants on the isodose lines was also studied.
Results
Monte Carlo computed isodose lines around typical Swedish houses
The isodose concept as described in Equation 1 in the Method section was applied to a case in which decontamination would
lead to different reductions in the absorbed dose, depending on which of the eleven different observation points is considered.
Homogeneous 137Cs contamination was assumed on the ground surrounding the wooden and the brick houses, as well as 2.5
cm and 5 cm below ground level. The results are presented graphically as isodose lines in Figures 1-3 for the wooden house
and in Figures 4-6 for the brick house.
It can be seen from the Figures above that the shape of the areas encompassed by the isodose lines for a given observation
point are relatively similar for all depths of the contamination, and for both the wooden and brick houses. The shapes of the
isodose lines reflect the different materials, as well as the positions of doors and windows as they shield less than the walls.
The zones for deposited contamination below ground level are smaller as fewer gamma photons from remote areas reach the
observation point, as they lose energy through interactions with the soil. To obtain a better estimate of the size of the area that
would have to be decontaminated to achieve a certain relative dose reduction for contamination at different depths, values of the
primary dose factor were calculated for an infinite contaminated surface, and are presented in Table 1. The primary dose factor
is directly related to the dose to the residents when no decontamination measures are implemented, and is expressed in pGy per
γmm-2, representing the dose (pGy) that would result from a homogeneous plane source at ground level, and at 2.5 cm and 5
cm below ground level, for a source with a strength of one gamma photon per unit area (γmm-2). When determining isodose
lines, it represents the total dose at the observation point i, Di,∞, in Equation 1 described in the Method section. It should be
borne in mind that the isodose lines illustrate relative dose reduction and not the actual dose reduction.
Table 1. Primary dose factors before decontamination (pGy per γmm-2) for the eleven observation points inside the wooden
house and the brick house resulting from contamination at ground level, and 2.5 cm and 5 cm below ground level.
Wooden house Brick house
Contamination depth Contamination depth
Observation point 0 cm 2.5 cm 5 cm 0 cm 2.5 cm 5 cm
1 216 42.4 23.5 94.0 16.8 10.1
2 99.0 17.2 9.87 54.0 8.60 5.16
3 201 40.9 21.4 85.0 15.2 8.54
4 93.1 15.1 9.07 54.9 8.45 5.03
5 84.1 12.3 6.04 34.6 5.55 3.04
6 108 20.4 12.5 66.5 11.0 6.73
7 156 26.7 15.4 112 19.1 10.1
8 132 21.9 12.1 80.5 11.6 6.05
9 246 51.6 27.0 134 26.1 13.9
10 183 29.3 16.1 131 22.3 11.6
11 208 34.2 18.6 110 18.3 9.76
The values of the primary dose factors at the different observation points vary by up to a factor of five. Furthermore, the
primary dose factors for contamination at ground level are about 5-6 times higher than the respective factors for contamination
2.5 cm below ground level, and those about 2 times higher than the corresponding factors for contamination 5 cm below ground
level. Moreover, the primary dose factors inside the wooden house are about twice those in the brick house.
Isodose lines according to resident occupancy
The occupancy factors, pi, as described in Equation 2 in the Method section were applied to determine isodose lines that are
more representative of the dose to which a resident is exposed inside the house. The occupancy factors were chosen based the
data published in the European EXPOLIS project567), in which thousands of people in seven European cities (Athens, Basel,
Grenoble, Helsinki, Milan, Oxford, and Prague), were studied with respect to their time budgets, and the hours they spent in
various microenvironments. From these data it was found that people spend about 14 h indoors at home, and about 1 of these
14 h preparing food in the kitchen. Further surveys show that people spend about 1 h eating8 (i.e. in the dining room), about 8 h
sleeping9 (i.e. in the bedroom), and about 0.5 h in the bathroom10, leaving about 3.5 h which it is assumed is spent in the living
room. The resulting isodose lines taking into account the occupancy factors determined by the named occupancy times are
presented graphically in Figure 7.
The isodose lines in Figure 7 show the combination of the influence of the time spend in one room (e.g. bedroom) and
continuous influence of building materials (e.g. door and window in the kitchen). It can be seen that the isodose lines for a
wooden house are gentler than those for a brick house, as timber provides less shielding, and therefore has less impact on the
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Figure 1. Isodose lines around the wooden house at the eleven observation points defined above (red dots) resulting from
homogeneous 137Cs contamination at ground level. The shading indicates the fraction of dose contribution to the observation
point including the areas that are surrounded by the respective one. When the outside line for the isodose line of a certain
relative dose reduction reaches the limit of the calculation grid, its shape may differ for a larger calculation grid.
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Figure 2. Isodose lines around the wooden house at the eleven observation points defined above (red dots) resulting from
homogeneous 137Cs contamination 2.5 cm below ground level. The shading indicates the fraction of dose contribution to the
observation point including the areas that are surrounded by the respective one. When the outside line for the isodose line of a
certain relative dose reduction reaches the limit of the calculation grid, its shape may differ for a larger calculation grid.
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Figure 3. Isodose lines around the wooden house at the eleven observation points defined above (red dots) resulting from
homogeneous 137Cs contamination 5 cm below ground level. The shading indicates the fraction of dose contribution to the
observation point including the areas that are surrounded by the respective one. When the outside line for the isodose line of a
certain relative dose reduction reaches the limit of the calculation grid, its shape may differ for a larger calculation grid.
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Figure 4. Isodose lines around the brick house at the eleven observation points defined above (red dots) resulting from
homogeneous 137Cs contamination at ground level. The shading indicates the fraction of dose contribution to the observation
point including the areas that are surrounded by the respective one. When the outside line for the isodose line of a certain
relative dose reduction reaches the limit of the calculation grid, its shape may differ for a larger calculation grid.
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Figure 5. Isodose lines around the brick house at the eleven observation points defined above (red dots) resulting from
homogeneous 137Cs contamination 2.5 cm below ground level. The shading indicates the fraction of dose contribution to the
observation point including the areas that are surrounded by the respective one. When the outside line for the isodose line of a
certain relative dose reduction reaches the limit of the calculation grid, its shape may differ for a larger calculation grid.
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Figure 6. Isodose lines around the brick house at the eleven observation points defined above (red dots) resulting from
homogeneous 137Cs contamination 5 cm below ground level. The shading indicates the fraction of dose contribution to the
observation point including the areas that are surrounded by the respective one. When the outside line for the isodose line of a
certain relative dose reduction reaches the limit of the calculation grid, its shape may differ for a larger calculation grid.
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Figure 7. Isodose lines around the wooden house (left) and the brick house (right) using typical resident occupancy factors
resulting from homogeneous 137Cs contamination at ground level (top), 2.5 cm below (middle), and 5 cm below ground level
(bottom). The shading indicates the fraction of dose contribution to the observation point including the areas that are
surrounded by the respective one. When the outside line for a certain dose reduction reaches the limit of the calculation grid, its
shape might differ for a larger calculation grid.
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isodose lines. Furthermore, the corresponding zones for the brick house are larger than those for the wooden house. The size
of the zone 2.5 cm below ground level is only half of that at ground level. However, at a depth of 5 cm the zones appear to
increase slightly, as the contribution from areas far away becomes insignificant.
Impact of vertical migration of contaminants in the soil on the isodose lines
As contaminants migrate downwards in the ground over time, the impact of the depth of the contamination on the isodose lines
is of interest. The most extreme combinations of the values of the effective dispersion coefficient Ds and the convective velocity
vs (Equation 3 in the Method section) determined for 137Cs by Almgren and Isaksson11 for sampling sites in western Sweden
(Ds=0.06 cm2 a-1, vs=0.17 cm a-1and Ds=2.63 cm2 a-1 and vs=0.00 cm a-1) were chosen. The contaminant distributions were
calculated for the first 5 cm of soil for times of 0.1 a, 1 a, and 5 a after deposition and multiplied by the air kerma free-in-air
values interpolated from the calculations at ground level, and depths of 2.5 cm and 5 cm. The results are presented graphically
as isodose lines for the wooden house in Figure 8 and for the brick house in Figure 9.
Figure 8. Isodose lines around the wooden house using typical resident occupancy factors resulting from homogeneous 137Cs
contamination for a vertical distribution, 0.1 years (top), 1 year (middle), and 5 years after deposition (bottom), based on the
two most extreme parameter combinations determined for western Sweden11. The shading indicates the fraction of dose
contribution at the observation point including the areas that are surrounded by the respective one. When the outside line for a
certain dose reduction reaches the limit of the calculation grid, its shape might differ for a larger calculation grid.
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Figure 9. Isodose lines around the brick house using typical resident occupancy factors resulting from homogeneous 137Cs
contamination for a vertical distribution, 0.1 years (top), 1 year (middle), and 5 years after deposition (bottom), based on the
two most extreme parameter combinations determined for western Sweden11. The shading indicates the fraction of dose
contribution at the observation point including the areas that are surrounded by the respective one. When the outside line for a
certain dose reduction reaches the limit of the calculation grid, its shape might differ for a larger calculation grid.
From Figures 8 and 9 it can be seen that the differences in the isodose lines for the wooden and brick houses are similar to
those observed in the Figure 7. It can also be seen that for these parameter combinations the isodose lines are similar on the
short timescale of 0.1 a. Over longer timescales the respective zones become smaller as the contaminants migrate deeper into
the soil. This effect is stronger for the parameter combination of Ds=2.63 cm2 a-1 and vs=0.00 cm a-1 than for Ds=0.06 cm2 a-1,
vs=0.17 cm a-1. Moreover, it can be seen that the upper layer of soil dominates as it contributes more to the air kerma free-in-air
than the lower soil layer of soil, as indicated by the primary dose factors presented in Table 1.
In the comparison of the wooden and the brick house similar differences can be seen as described before. The parameter
combination shows that the isodose lines are similar for a short timescale like 0.1 a. Over longer timescales the respective zones
become smaller as the contaminants migrate to deeper soil level. This effect is stronger for the parameter combination Ds=2.63
cm2 a-1 and vs=0.00 cm a-1 than for Ds=0.06 cm2 a-1, vs=0.17 cm a-1. Moreover, the dominance of the top soil layer can be
seen as it contributes more to the air kerma free-in-air than the lower soil level as shown for the primary dose factor presented in 1.
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Impact of contamination variability on the isodose lines
The model for contamination variability is based on measurements of 137Cs fallout in settlements in Russia and Belarus
following the Chernobyl nuclear power plant accident12, where dose rate levels represented by 137Cs peak gamma signals
ranging from 0 till 5 kcps were measured 0.1 m above a 9 m x 9 m open, untouched grass surface. A random number generator
picking values from 0 till 5 was applied to the 1 m x 1 m grid that was used for the Monte Carlo calculations described in
the Method section with the restriction that the values in all neighboring fields on a horizontal or vertical line are allowed to
differ by at most ±1, and on a diagonal line by at most ±1.4. These values were applied as dimensionless scaling factors by
multiplication of the Monte Carlo calculated air kerma free-in-air values for the respective fields that were determined for
contamination at ground level (as this dominates the radiation dose to residents), for the wooden and the brick house. The
primary dose factors were determined by subtracting the one for homogeneous contamination by the sum of the air kerma
free-in-air values determined without the scaling factor, then multiplied by the average of the randomly generated multiplication
factors and finally the sum of determined air kerma free-in-air values with multiplication factor was added. This was done
for three different contamination variability scenarios obtained with the random number generator (Figure 10). The resulting
isodose lines are presented graphically in for the wooden house in Figure 11 and for the brick house in Figure 12.
Figure 10. Three different variations in 137Cs contamination obtained using a random number generator.
Comparing the isodose lines for the three contamination variability scenarios with those determined for homogeneous
contamination (First line in Figure 7) shows that the original shape is still visible. However, as the shielding of the wooden
house is lower, the effect of contamination variability on the isodose lines is greater than in the case of the brick house. This is
supported by the values of the Pearson correlation coefficient, being 0.96, 0.93, and 0.95 for the wooden house and 0.96, 0.94,
and 0.95 for the brick house, for the three different contamination variability scenarios.
To investigate the impact of contamination variability on the zones determined by isodose lines for homogeneous contami-
nation in more detail, the dose factors were calculated after decontamination of an area up to 2 m from the houses (116 m2),
as well as the respective dose factor after decontamination of 116 m2 according to the isodose lines that were determined for
homogeneous contamination. The values obtained are given in Table 2 for both types of houses. The primary dose factors,
the relative dose reduction, and the ratio comparing the relative dose reductions for optimized decontamination according to
isodose lines and for normal decontamination within 2 m from the houses are also included in Table 2.
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Figure 11. Isodose lines around the wooden house using typical resident occupancy factors for three different variability
scenarios of 137Cs contamination, according to Figure 10. The shading indicates the fraction of dose contribution to the
observation point including the areas that are surrounded by the respective one. When the outside line for a certain dose
reduction reaches the limit of the calculation grid, its shape might differ for a larger calculation grid.
The values in Table 2 show that the relative dose reduction following optimized decontamination is on average 51±8 %
higher than that after normal decontamination for a fixed area of 116 m2 to the same distance around the house being decontam-
inated. This leads to the conclusion that in an authentic fallout scenario where the contamination varies, the decontamination
of areas determined with isodose lines for homogeneous contamination is still a better option than decontaminating within a
certain distance surrounding a building.
Discussion
This study demonstrates the influence of the two most common building materials in Sweden, wood and brick, on the shape
of the isodose lines, as well as the influence of the positions of doors and windows on the isodose lines. Including factors
describing typical resident occupancy in the various rooms of the houses shows the mixture of the influence of the time spent in
a specific room of the house and the continuous influence of building materials as well as positions of doors and windows. In
addition, including a model for the vertical migration of contaminants in soil revealed the effects of different source depths in the
soil on the decrease rate of the zones that are encompassed by the isodose lines, as well as the dominance of the contamination
in the upper layer of the soil on the final isodose lines. Finally, the impact of variability in the contamination on the final result
was demonstrated, and its dependence on building materials. It was shown that optimized decontamination according to isodose
lines determined for homogeneous contamination is also a better choice than normal decontamination within a certain radius of
the house.
In conclusion, it has now been demonstrated that the isodose concept presented in a previous study is useful for the
comparison of the effects of decontaminating different surface areas, for houses constructed with different types of building
materials. Downward migration of contaminants in the soil, resident occupancy, and variability in contamination were also
included in the model. Further studies are required to further develop this method into a practical and useful tool for the
optimization of countermeasures in cases of radioactive fallout in populated environments.
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Figure 12. Isodose lines around the brick house using typical resident occupancy factors for three different variability
scenarios of 137Cs contamination, according to Figure 10. The shading indicates the fraction of dose contribution to the
observation point including the areas that are surrounded by the respective one. When the outside line for a certain dose
reduction reaches the limit of the calculation grid, its shape might differ for a larger calculation grid.
Methods
The isodose concept
The concept of the isodose was recently introduced by Hinrichsen et al.4, where the isodose, IDi,k, is defined by the outer
boundary of one or more zones in space that contribute, for the most part, a given fraction k to the total dose Di,∞ at the
observation point i. If ρD,i(~r) is a continuous function of the dose contribution density with the maximum ρD,i,max < ∞, the
isodose can be chosen from the range 0 < IDi,k < ρD,i,max and the fraction ki resulting from the zone or zones determined by
the isodose is given by:
ki =
∫





The concept can also be applied to more than one observation point4 by introducing so-called occupancy factors, pi, for the





Di,∞ · pi ∀ 1 =∑
i
pi FOR f (ρD(~r)) =
{
∑iρD,i(~r) · pi, ∑iρD,i(~r) · pi ≥ IDk
0, ∑iρD,i(~r) · pi < IDk (2)
Vertical migration of contaminants in soil
The vertical transport of radioactive contaminants in soil can be described as a function of time and vertical soil depth by a
convection–dispersion model, as suggested by Schuller et al.13, Bunzl et al.14, and Kirchner et al.15:
C(x, t) =C0 exp(− ln(2) · t/T1/2) · (
1√
piDst













Table 2. Primary dose factors before decontamination (pGy per γmm-2) for homogeneous 137Cs contamination and three
variability scenarios at ground level, using typical resident occupancy factors in the wooden and the brick house, together with
the dose factors obtained after normal decontaminating an area of 116 m2 directly around the houses, or optimized
decontamination of the same area but according to the isodose lines presented in the first line of Figure 7, including relative
dose reductions, and ratio of the relative dose reductions.
Primary dose
factor
After normal decontamination After optimized decontamination Ratio of the
relative dose
reductions
Dose factor Relative dose
reduction






209 177 15.5 % 165 21.2 % 1.37
Variability sce-
nario 1
217 184 6 15.3 % 167 23.0 % 1.50
Variability sce-
nario 2
202 178 12.1 % 168 17.1 % 1.42
Variability sce-
nario 3




102 90 12.3 % 84 18.4 % 1.47
Variability sce-
nario 1
106 93 12.5 % 85 20.3 % 1.62
Variability sce-
nario 2
100 90 9.6 % 85 15.2 % 1.55
Variability sce-
nario 3
103 90 12.1 % 84 18.4 % 1.50
where C0 is the initial contaminant concentration (Bq cm-3), T1/2 is the physical half-life (a), Ds is the effective dispersion
coefficient (cm2 a-1), and vs is the convective velocity (cm a-1).
Description of the calculations
Monte Carlo calculations were performed using the transport code MCNP616, and the nuclear cross-section data set ENDF/B-
VII.017. Among other processes, this code accounts for photon creation and loss through relevant mechanisms such as
bremsstrahlung, fluorescence, Compton scattering, photon capture, pair production and p-annihilation. The code allows for the
definition of complex 3-dimensional geometries through a combinatorial geometry technique. The applicability of MCNP6 in
determining the reduction in exposure due to shielding inside a building has been experimentally verified in a previous study on
a modular building18.
Two typical Swedish houses were considered, constructed with the most common building materials in Sweden, namely
wood and brick. The definition of the geometries of the houses, which had similar designs, are based on the construction
drawings and descriptions of actual Swedish houses made available by the Urban Planning Department of the Municipality of
Hässleholm (Stadsbyggnadskontoret, Hässleholms kommun) (Figure 13). The houses cover an area of 10 m x 15 m, and the
building materials and dimensions are given in 3. The protection of wooden frames was assumed to be negligible and thus they
are not included in the calculations. The windows and exterior doors comprise an area of 25.3 m2 of the total vertical area.
The regions in space were constructed by logical combinations (union, intersection, difference) of elementary geomet-
ric bodies and surfaces. Data from a material compendium19 were used to assign atomic compositions and densities to the
materials, as summarized in Table 4. These were used as the input for the different building structures and environmental regions.
A radioactive source energy of 0.662 MeV was assumed in the calculations as this is the energy of the gamma-rays emitted
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Figure 13. Birds-eye view of a typical Swedish house.
Table 3. Construction materials and dimensions for typical Swedish wooden and brick houses.
Wooden house Brick house
External walls 2.2 cm wood, 4 cm air, 0.9 cm gypsum, 26 cm
mineral wool, 2.8 cm air, 1.1 cm wood, 1.3 cm
gypsum
12 cm brick, 4 cm air, 0.9 cm gypsum, 23 cm
mineral wool, 1.3 cm gypsum
Inner walls 12 cm or 17 cm gypsum
Roof 5.4 cm concrete, 2.7 cm wood 5.4 cm concrete, 3.5 cm wood
Ceiling 1.3 cm gypsum, 2.8 cm air, 40 cm mineral wool
Windows and doors 0.8 cm glass
by 137Cs, which is the radionuclide of greatest concern in connection with the Chernobyl and Fukushima nuclear power plant
accidents. Source regions were defined as 1 m x 1 m plane squares in a 1 m x 1 m grid up to a lateral distance of 10 m from the
sides of the houses, at ground level, and 2.5 cm and 5 cm below ground level. Separate Monte Carlo computations were per-
formed to obtain reference values for an infinite horizontal plane source at ground level, and 2.5 cm and 5 cm below ground level.
The detector regions were defined as air-filled spheres with a diameter of 30 cm, positioned 1 m above ground level, at
the observation points defined in different parts of the house (Figure 14). Observation point # 1 represents a bedroom, # 2 the
bathroom, # 3 a second bedroom (for example, for a child or guests), # 4 a dressing room , # 5 the corridor, # 6 a restroom , # 7
the hall, # 8 a study, # 9 the kitchen, # 10 the living room, and # 11 the dining room. The number and energies of the gamma
‘particles’ passing through these detector were determined with the Monte Carlo code. The fluence was transformed into air
kerma free-in-air using conversion coefficients20.
A number of variation reduction techniques can be applied to MCNP6 to obtain results with a standard deviation below 5 %
within acceptable computation times. The defined regions in space are called cells, and a ‘weight window’ was generated for
each of them in the following way. The weight of a particle in MCNP6 represents the number of physical ‘particles’, which in
these calculations are photons with different random walks , represented by one MCNP particle. A lower limit on the weight is
supplied by the user for each cell, and the upper limit is a specified multiple of the lower limit. These upper and lower weight
limits define a window of acceptable weights. If the weight of the particle emitted from the source and generated by interactions
with the materials is below the lower weight limit, then “Russian roulette” is applied and the particle’s weight is randomly
increased to a value within the window, or the particle is terminated. If the weight of the particle is above the upper weight limit,
it is divided so that its parts are within the window. No action is taken for particles within the window. The weight windows
were determined using the Weight Window Generator included in MCNP6, which estimates the importance of the cells in the
space. The importance of cells is defined as the expected score generated by a particle of unit weight after entering the cell. The
average importance of the cells can thus be estimated using this cell-based generator.
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Table 4. Material specifications in terms of atomic compositions (rounded) and densities used in the Monte Carlo calculations.
Material Atomic composition Density (kg/l)
Air 0.02 % C; 78.44 % N; 21.07 % O; 0.47 % Ar 0.001205
Brick 66.34 % O; 0.37 % Al; 32.32 % Si; 0.71 % Ca; 0.25 % Fe 1.8
Concrete 8.47 % H; 60.41 % O; 1.25 % Na; 2.48 % Al; 24.19 % Si; 2.72 % Ca; 0.47 % Fe 2.25
Glass 60.39 % O; 8.81 % Na; 25.18 % Si; 5.62 % Ca 2.4
Gypsum 33.33 % H; 50.00 % O; 8.33 % S; 8.33 % Ca 2.32
Mineral wool 42.50 % O; 1.70 % Na; 5.40 % Mg; 10.60 % Al; 18.20 % Si; 1.90 % K; 14.30 % Ca; 0.50
% Mn; 4.90 % Fe
0.1666667
Soil 31.69 % H; 50.16 % O; 4.00 % Al; 14.16 % Si 1.52
Wood 46.24 % H; 32.34 % C; 0.28 % N; 20.88 % O; 0.06 % Mg; 0.12 % S; 0.04 % K; 0.04 %
Ca
0.64
Figure 14. Observation points inside a typical Swedish house. # 1 indicates a bedroom, # 2 the bathroom, # 3 a second
bedroom (for example, for a child or guests), # 4 a dressing room , # 5 the corridor, # 6 a restroom , # 7 the hall, # 8 a study, # 9
the kitchen, # 10 the living room, and # 11 the dining room.
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